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Preface

This book provides an overview of recent researches and developments in optical fiber
technology related to next generation optical communication, system and network, sensor,
laser, measurement, characterization and device. It is divided into five sections where the
first section consists of five chapters that focus on the optical fiber communication systems
and networks. The second section contains two chapters related to plastic optical fibers
technologies for communication and sensors. Section three comprises seven chapters that
cover recent advances on fiber optic sensors for various applications. Fiber laser works are
highlighted in section four which focuses on mode-locked, dual wavelength and multi-
wavelength lasers. The last section deals with fiber measurements techniques and fiber op‐
tic devices on silicon chip.

The exponential growth of Internet traffic volume has increased the demand for higher ca‐
pacity networks, which then leads to the deployment of dense wavelength division multi‐
plexing (DWDM) technology. The increasing number of per-physical-link connections
intrinsic to DWDM may cause multiple logical link failures from a single physical link fail‐
ure. This issue inspires the development of new multi-layer models that consist of stacks of
network layers. The first chapter of this book, addresses the problem of finding the optimal
configuration of a logical topology over a fixed physical layer. Another challenge with the
DWDM networks is associated with the nonlinear transmission impairments, which strong‐
ly link the achievable channel reach for a given set of modulation formats to symbol-rates
across a number of channels. Various methods of compensating fiber transmission impair‐
ments have been proposed, both in optical and electronic domains. Chapter 2 demonstrates
the application of electronic compensation schemes in a dynamic optical network, focusing
on adjustable signal constellations with non identical launch powers, and describes the im‐
pact of periodic addition of 28-Gbaud polarization multiplexed m-ary quadrature amplitude
modulation (PM-mQAM) channels on existing traffic. This chapter also discusses the impact
of cascaded reconfigurable optical add-drop multiplexers on networks operating close to the
maximum permissible capacity in the presence of electronic compensation techniques for a
range of higher-order modulation formats and filter shapes.

Chapter 3 reviews a typical Fiber To The Home (FTTH) network and various fiber connec‐
tion faults and countermeasures in Japan. Chapter 4 reports on the use of multimode optical
fiber as a successor to traditional copper-based transmission media for access networks. A
predictive model of a full-optical convergent deployment scenario is also proposed in this
chapter. Polarization-mode dispersion (PMD) is a major source of impairments in optical
fiber communication systems. PMD causes distortion and broadens the optical pulses carry‐
ing information and lead to inter-symbol interference. In chapter 5, statistical methods of
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multi-canonical Monte Carlo (MMC) and importance sampling (IS) are used to accurately
and efficiently compute penalties caused by the PMD.

Chapter 6 discusses the Wavelength Division Multiplexing (WDM) application over the Poly‐
mer Optical Fiber (POF) networks and data communications of selected equipment onboard
of a navy ship. In chapter 7 a general overview of interesting applications of Step-Indexed
POFs made of PolyMethylMethAcrylate (PMMA) material is given. This fiber can address
interesting niche markets such as automobile entertainment, local networking and sensing.

Optical fibers are widely extended for several applications, outside the typical applications
in communications. In recent years, a large number of sensors that use optical fibers have
been developed for measuring a lot of physical, chemical and biological quantities. Chapter
8 reviews fibre grating technologies, including fibre Bragg grating (FBG), tilted fibre grating
(TFG) and long-period grating (LPG), for applications in chemical and bio- sensing. Three
techniques including holographic, phase-mask and point-by-point methods are employed to
fabricate these gratings structures in optical fibre. The most important contribution present‐
ed in this chapter is the implementation of optical fibre grating based refractive index sen‐
sors, which has been successfully used for chemical and bio- sensing. Chapter 9 describes
recent approaches to the development of fibre-optic chemical sensors utilizing different
measurement designs based on evanescent wave, tapered and long period gratings. Advan‐
tages and characteristic features of each measurement design are discussed and examples of
the sensitive and selective detection of various chemical analyzes are demonstrated. Chapter
10 presents several operation principles (absorbance, reflectance and luminescence), data
processing strategies, and the potential use for measurement purposes by means of some
real implementation. A new method of highly sensitive detection of bioluminescence at an
optical fiber end is introduced in Chapter 11 for ATP detection. The general concept of con‐
struction for an optical fiber-based system is discussed. The results of the sensitivity test us‐
ing a compact and cooled photomultiplier tube (PMT) are also presented in this chapter.
Chapter 12 discusses the development of novel smart technical textiles with embedded opti‐
cal fibers. These textiles have a potential new market niche for fiber optic sensors such as in
structural safety and healthcare monitoring. It is currently recognized that label free optical
sensing based on the measurement of refractive index is an important technology for the
measurement of chemical and biological parameters in diversified environments, ranging
from industrial processes, medicine to environmental applications, where the need for com‐
plete and real time information about a variety of parameters is present. In chapter 13, the
basic principles and most relevant advances of fiber refractometers based on evanescent
wave interactions are presented. Chapter 14 describes recent advances in optical fiber laser
micromachining for various sensors developments.

Chapter 15 focuses on mode-locked fiber lasers, which can be realized using various active
and passive techniques. Chapter 16 describes an experimental work on dual wavelength fi‐
ber laser. In the proposed laser, a Sagnac fiber optical loop mirror with a high-birefringence
fiber on the loop (Hi-Bi FOLM) is used as a spectral filter to finely control the laser cavity
loss. This control allows characterizing the competitive behavior with temperature varia‐
tions to achieve a better adjustment to obtain dual-wavelength laser emission. Chapter 17
presents various configurations of all-fiber multi-wavelength fiber lasers. These lasers have
attracted much interest recently because of their potential applications in wavelength-divi‐
sion-multiplexing (WDM) communications, microwave generation, high-resolution spectro‐
scopy, fiber optic sensing, etc.

PrefaceX

Precise and accurate measurement of optical fiber parameters is highly needed for both
communication and sensing applications. Chapter 18 discusses fiber measurement based on
interferometry techniques. Chapter 19 describes fiber measurement technique based on opti‐
cal time domain refractometer (OTDR). This technique is based on the measurement of the
back-scattered light power to obtain information about various fiber parameters. In the last
chapter, micro-machining and film deposition techniques that are useful for integrating and
forming passive optical components on silicon chips are reviewed.

Sulaiman Wadi Harun and Hamzah Arof
Department of Electrical Engineering,

University of Malaya,
Kuala Lumpur, Malaysia
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Chapter 1

Optimal Design of a Multi-Layer Network an IP/MPLS
Over DWDM Application Case

Claudio  Risso, Franco  Robledo and Pablo  Sartor

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54340

1. Introduction

Some decades ago the increasing importance of the telephony service pushed most telecom‐
munications companies (TELCOs) to deploy optical fibre networks. In order to guarantee
appropriate service availability, these networks were designed in such a way that several
independent paths were available between each pair of nodes, and in order to optimize these
large capital investments several models and algorithms were developed.

Already the optimal design of a single layer network is a challenging task that has been
considered by many research groups, see for instance the references: [1-3]. Throughout this
work this optical network is referred to as the physical layer.

Some years afterwards, the exponential growth of Internet traffic volume demanded for higher
capacity networks. This demand led to the deployment of dense wavelength division multi‐
plexing (DWDM) technology. Today, DWDM has turned out to be the dominant network
technology in high-capacity optical backbone networks. Repeaters and amplifiers must be
placed at regular intervals for compensating the loss in optical power while the signal travels
along the fibre; hence the cost of a lighpath is proportional to its length over the physical layer.
DWDM supports a set of standard high-capacity interfaces (e.g. 1, 2.5, 10 or 40 Gbps). The cost
of a connection also depends of the capacity but not proportionally. For economies of scale
reasons, the higher the bit-rate the lower the per-bandwidth-cost. The client nodes together
with these lightpath connections form a so-called logical layer on top of the physical one.

The increasing number of per-physical-link connections -intrinsic to DWDM- may cause
multiple logical link failures from a single physical link failure (e.g., fibre cut). This issue led
to the development of new multi-layer models aware of the stack of network layers. Most of
these models share in common the 1+1 protection mechanism, that is: for every demand two

© 2013 Risso et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Risso et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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independent lightpaths must be routed such that in case of any single physical link -or even
node- failure, at least one of them survive. The following references: [4] and [5] are good
examples of this kind of models. Those multi-layer models are suitable for certain families of
logical layer technologies such as: synchronous optical networking (SONET) or synchronous
digital hierarchy (SDH) since both standards have 1+1 protection as their native protection
mechanism.

During many years the connections of IP networks were implemented over SONET/SDH -for
simplicity we will only mention SDH from now on-. Most recently: multiprotocol label
switching (MPLS), traffic engineering extensions for dynamic routing protocols (e.g. OSPF-TE,
ISIS-TE), fast-reroute algorithms (FRR) and other new features were added to the traditional
IP routers. This new technology bundle known as IP/MPLS, opens a competitive alternative
against traditional protection mechanisms based on SDH.

Since IP/MPLS allows recovering from a failure in about 50ms, capital savings may come from
the elimination of the intermediate SDH layer. Another improvement of this technology is that
the number of paths to route demands between nodes is not pre-bounded; so it might exist in
fact a feasible different configuration for most failure scenarios. Since IP/MPLS allows the
elimination of an intermediate layer, manages Internet traffic natively, and makes possible a
much easier and cheaper operation for virtual private network (VPN) services, it is gaining
relative importance every day.

Setting aside technical details and for the purpose of the model presented in this work, we
remark two important differences between SDH and IP/MPLS. The first one is the need of SDH
to keep different demands between the same nodes. In IP/MPLS networks, all the traffic from
one node to another follows the same path in the network referred to as IP/MPLS tunnel. The
second remarkable difference is how these technologies handle the existence of parallel links
in the logical layer. In SDH the existence of parallel links is typical but in IP/MPLS parallel
links may conflict with some applications so we will avoid them.

In this paper we address the problem of finding the optimal -minimum cost- configuration of
a logical topology over a fixed physical layer. The input data set is constituted by: the physical
layer topology -DWDM network-, the client nodes of the logical layer -IP/MPLS nodes- and
the potential links between them, as well as the traffic demand to satisfy between each pair of
nodes and the per-distance-cost in the physical network associated with the bitrates of the
lightpaths to deploy over it. The decision variables are: what logical links do we have to
implement, which bitrate must be assigned to each of them and what path do these lightpaths
have to follow in the physical layer. For being a feasible solution a configuration must be
capable of routing every traffic demand over the remaining active links of the logical layer for
every single physical link failure scenario.

The problem previously described is NP-hard and due to its complexity we developed a
metaheuristic based on GRASP to find good quality solutions for real size scenarios. Actually,
we analysed the performance of the proposed metaheuristic using real-world scenarios
provided by the Uruguayan national telecommunications company (ANTEL).
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The main contributions of this article are: i) a model to represent a common network overlay
design problem; ii) the design of a GRASP metaheuristic to find good quality solutions for this
model; iii) the experimental evaluation based on real-world network scenarios.

The remaining of this document is organized as follows. A mixed-integer programming model
will be presented in Section-2. In Section-3 we will show some exact solutions found with
CPLEX for small/simple but illustrative problems; in this section we also analyze the intrinsic
complexity of the problem. In Section-4 a GRASP metaheuristic to solve this problem is
presented. Finally, in Section-5 we will show the solutions found with the previous metaheur‐
istic for real-world network scenarios.

2. Mathematical model

We will now introduce the basic mixed-integer programming model that arises from the
detailed interaction of technologies.

2.1. Parameters

The physical network is represented by an undirected graph (V , P), and the logical network
is represented by another undirected graph (V , L ). Both layers share the same set of nodes.
The links of the logical layer are potential -admissible logical links- while the links of the
physical layer are definite. In both graphs the edges are simple since multigraphs are not
allowed in this model.

For every different pair of nodes p, q ∈V  is known the traffic volume d pq to fulfil along the
unique path (tunnel) this traffic follows throughout a logical layer configuration.

These paths are unique at every moment, but in case of link failures they may change to follow
an alternate route. For simplicity we assume that the traffic volume is symmetric (i.e.
d pq =dqp). Let B̂ ={b1, …, bB̄} be the set of possible bitrate capacities for the lightpaths on the
physical layer and therefore for the links of the logical one. Every capacity b ∈ B̂ has a known
per-distance cost cb. For economies of scale reasons it holds that if b ′ <b ″ then

(cb ′ / b ′)> (cb ″ / b ″). Since both graphs of this model are simple and undirected, we will express
links as pairs of nodes. For every physical link (ij) is known its length lij.

2.2. Variables

This model comprises three classes of variables. The first class is composed of the logical link
capacity variables. We will use boolean variables τpq

b  to indicate whether or not the logical link
(pq)∈ L  has been assigned with the capacity b ∈ B̂. As a consequence the capacity of the link
(pq) could be computed as: ∑b∈B

^ b ⋅τpq
b .

The second class of variables determines how are going to be routed the logical links over the
physical network. If ∑b∈B

^ τpq
b =1 then the logical link (pq)∈ L  was assigned with a capacity,
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it is going to be used in the logical network and requires a lightpath in the physical one. ypq
ij  is

a boolean variable that indicates whether or not the physical link (ij)∈ P  is being used to
implement the lightpath of (pq)∈ L . Since lightpaths cannot automatically recover from a link
failure, whenever a physical link (ij) fails all the logical links (pq) such that ypq

ij =1 do fail as
well. The only protection available in this model is that of the logical layer. For demands being
protected against single physical link failures, it is necessary to have a feasible route through
the remaining active logical links.

The third and final class of variables is that that determines how the IP/MPLS tunnels are going
to be routed against any particular failure in the physical layer. xrs

pq
ij  is a boolean variable that

indicates whether the logical link (pq)∈ L  is going to be used or not, to route traffic demand
drs >0, under a fault condition in the physical link (ij)∈ P .
NOTE: To keep the nomenclature of the variables as easy as possible we always placed: logi‐
cal links subindexes at bottom right position, physical links subindexes at top right position
and demands subindexes at top left position.

2.3. Constraints

This problem comprises three groups of constraints. The first group of constraints establishes
the rules that the routes of the lightpaths must follow to be feasible.
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The meaning of the previous constraints is the following: (1) establishes that the number of
capacities assigned to every logical link is at most 1 -it could be 0 if the link is not going to be
used-; (2) and (3) guarantee that if any particular link (pq)∈ L  was assigned with a capacity
(∑b∈B

^ τpq
b =1) then there must exist one and only one outgoing -or incoming- physical link used

for its lightpath.

Before going any further we have to introduce a set of auxiliary variables: θ̃ pq
i  and θ̂ pq

i . These
variables are defined for every combination of logical links (pq)∈ L  and physical nodes
i∈V . (5) guarantees that exactly one of the following conditions must meet: (θ̃ pq

i , θ̂ pq
i )= (1, 0)

or (θ̃ pq
i , θ̂ pq

i )= (0, 1). Hence, (4) guarantees flow balance for routing the lightpaths through the
remaining -not terminal- nodes. Finally (6) guarantees that the lightpaths go back and forth
through the same path, while (7) stands the integrity of the variables.

The second group of constraints establishes the rules that the routes of the IP/MPLS tunnels
must follow in the logical layer and their meaning is similar to the previous ones except for (1)
and (8). The inequalities in (8) were added to guarantee that whatever the failure scenario is
(∀ (ij)∈P), its associated routing configuration over the logical network keeps the aggregated
traffic load below the link capacity for every data link (∀ (pq)∈ L ). Constrains (2) and (3) are
equivalent to (9) and (10), except for the fact that in the latter the existence of a tunnel relies on
the existence of demand and this is known in advance. Another remarkable point is that the
second group of constraints has as many possible routing scenarios as arcs in P , so the number
of variables is much greater.
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i  and μ̂rs

pq
i  are homologous to θ̃ pq

i  and θ̂ pq
i ; so are constraints from (4) to (7)

with those from (11) to (14). Before proceeding any further we must notice that both groups
are not independent. Many logical links may not be available for routing after a physical link
failure. Which logical links are in this condition, relies on how the lightpaths were routed in
the physical layer. Specifically, if some logical link (pq) uses a physical link (ij) for its lightpath
implementation then this logical link cannot be used to route any tunnel under (ij) failure
scenario.

{ : 0, ( ) , ( ) ,1           ij ijrs rs d pq L ij Ppq pq rsx y " > " Î " Î£ - (15)

The group of constrains (15) prevents from using (pq) to route any traffic ( xrs
pq
ij =0,

∀ rs :drs >0) in any failure scenario which affects the link (when ypq
ij =1).

2.4. Objective

The function to minimize is the sum of the cost of every logical link. According on what capacity
was assigned to a logical link there is an associated per-distance-cost (cb), and according on
how the corresponding lightpath was routed over the physical layer there is an associated
length (∑(ij)∈P lij ypq

ij ). The product of both terms is the cost of a particular logical link and the
sum of these products for all of the logical links is the total cost of the solution. The direct
arithmetic expression for the previous statement would be:
∑( pq)∈L (∑b∈B

^ cbτpq
b )(∑(ij)∈P lij ypq

ij )=∑( pq)∈L ,(ij)∈P ,b∈B
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b ypq
ij .

Although straightforward, this approximation is inappropriate because it is not linear. The
following sub-problem expresses the objective value with an equivalent linear expression.
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We used the real variable ηb
pq
ij  instead of τpq

b ypq
ij  and added some extra constraints to guarantee

the consistency. This consistency comes from the following observations: the result of τpq
b ypq

ij

is also a boolean variable, and since ηb
pq
ij  is being multiplied by a positive constant in a

minimization problem it will take its lowest value whenever this is possible. This value would
be zero because of constrains (3) of (D).

The only exception is when the values of τpq
b  and ypq

ij  are both 1, in which case the value of ηb
pq
ij

should be 1 as well to keep consistency. This is guaranteed by constrain (17). The complete
MIP is the result of merging (1) to (18).

3. Finding exact solutions

We will start by showing particular solutions for some simple example cases. The first example
has four nodes V ={v1, v2, v3, v4}, the physical layer is the cycle (C 4) while the logical layer is

the clique (K 4). The remaining parameters are: B̂ ={3}, d pq =1 ∀1≤ p <q ≤4 and lij =1, ∀ (ij)∈P .
cb is irrelevant in this case because there is only one bitrate available. The optimal solution
found for this case uses all of the logical links. Figure 1 shows with dashed lines the route in
that solution followed for each lightpath over the physical cycle. This is an example where
lightpaths routes are not intuitive, even for a very simple input data set.

Figure 1. Optimal solutions found for: K 4 over C 4, with d pq = 1 and B̂ = {3}, and for: K 7over C 7, with d1q = 1 and B̂ = {3}.

The following example comprises seven nodes and explores again the clique-over-cycle case.
The remaining parameters are analogous: B̂ ={3}, lij =1 ∀ (ij)∈P , except for demands that in
this case are to/from one single node (d1q =1,∀1<q ≤7). Unlike the previous example, the
optimal solution in this case (also sketched in Figure 1) does not make use of all the logical
links. Although the route followed by each lightpath looks more natural in this example, it is
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3. Finding exact solutions

We will start by showing particular solutions for some simple example cases. The first example
has four nodes V ={v1, v2, v3, v4}, the physical layer is the cycle (C 4) while the logical layer is

the clique (K 4). The remaining parameters are: B̂ ={3}, d pq =1 ∀1≤ p <q ≤4 and lij =1, ∀ (ij)∈P .
cb is irrelevant in this case because there is only one bitrate available. The optimal solution
found for this case uses all of the logical links. Figure 1 shows with dashed lines the route in
that solution followed for each lightpath over the physical cycle. This is an example where
lightpaths routes are not intuitive, even for a very simple input data set.

Figure 1. Optimal solutions found for: K 4 over C 4, with d pq = 1 and B̂ = {3}, and for: K 7over C 7, with d1q = 1 and B̂ = {3}.

The following example comprises seven nodes and explores again the clique-over-cycle case.
The remaining parameters are analogous: B̂ ={3}, lij =1 ∀ (ij)∈P , except for demands that in
this case are to/from one single node (d1q =1,∀1<q ≤7). Unlike the previous example, the
optimal solution in this case (also sketched in Figure 1) does not make use of all the logical
links. Although the route followed by each lightpath looks more natural in this example, it is
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not immediate why this set of logical links ought to be the appropriate to construct the optimal
solution.

Through these two examples we attempted to show that solutions are not intuitive even for
very simple cases. To find optimal solutions we used ILOG CPLEX v12.1. All computations
were performed on a Linux machine with an INTEL CORE i3 Processor and 4GB of DDR3
RAM. Table 1 shows information for several test instances analogous to those represented in
Figure 1, that is: K n over C n with d pq =1, ∀1≤ p <q ≤n and lij =1, ∀ (ij)∈P  over a range of
integer b1 values (| B̂ | =1).

|V | b1 range #variables #constrains
Elapsed time

(hh:mm:ss)

5 2 – 6 1230 1640 00:00:00 – 000:00:11

6 3 – 9 3390 4035 00:00:02 – 000:19:31

7 2 – 12 7896 8652 (*) 00:00:05 – 087:19:05

8 3 – 16 16296 16772 (*) 00:00:02 – 100:10:17

(*)Note: The solver aborted for some intermediate cases

Table 1. Overall results for some particular cases

We proved that: it is always possible to find minimal feasible solutions for these particular
topologies and demands when: b1 =2 and |V |  is odd, or when b1 =3 and |V |  is even. In the
first situation the complete logical graph is needed, whereas in the second only diagonal links
can be disposed of. The lowest computation times were found for these extreme cases.

We also proved that: the cycle configuration for the logical network -the simplest possible- is
feasible for every b1 greater or equal to: |V | 2 / 4 when |V |  is even, or (|V | 2−1) / 4 when
|V |  is odd. Very low computation times were found for these cases also. The time required
for finding optimal solutions for non-extreme cases were much higher. CPLEX even aborted
for many of them. Aside from a bunch of worthless exceptions, we couldn't find solutions for
topologies other than K n over C n.

Keeping these physical and logical topologies while trying with simpler matrices of demand
(e.g. d1q =1,∀1<q ≤n) it was possible to increase the size of the problems to 15 nodes and yet
being able to find optimal solutions. Suffices to say this size bound as well as the simplicity in
the topologies and traffic matrices of the previous examples, are incompatible with real life
network problems.

Proposition 1: The problem presented in this section is NP-Hard.

Demonstration lies under reduction of NPP (Number Partitioning Problem) to our particular
problem that will be referred to as MORNP (Multi-Overlay Robust Network Problem) within
this proof. NPP problem consist in finding two subsets with the same sum for a known multiset
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of numbers. Formally: given a list of positive integers: a1, a2, …, aN , a partition
A⊆ {1, 2, …, N } must be found so that discrepancy:

( ) ,i i
i A i A

E A a a
Î Ï

= -å å (19)

finds its minimum value within the set {0, 1}. NPP is a very well known NP-Complete problem
(see for instance [6]).

(⇒ ) Given such a list of positive integers we create an instance of MORNP by taking:
B ={b1 = (∑1≤i≤N ai) / 2 }, logical and physical graphs with the same topology schematized in
Figure 2, lij =1 ∀ (ij)∈P  and diD =ai,∀1≤ i ≤N .

Since logical and physical topologies are the same and all distances are equal, the logical layer
projected over the physical one for any optimal solution must copy the underlying shape. So,
if there exists a solution for such an instance of MORNP, this solution should have a feasible
routing scenario when transport -and logical- link (vA1vA2) fails and therefore a way to
accommodate traffic requirements over (vH 1vD) and (vH 2vD), due to the fact that both links are
still in operational state and they are the only way to reach vD.

Because there is only one capacity both links must have been assigned with b1, this can only
be done when discrepancy is not grater than one, so we indirectly found a solution for the
original NPP problem.

Figure 2. Graph used for NPP reduction to MORNP.

(⇐ ) The complementary part of the proof is easier. Given a solution to an instance of NPP,
this partition is used to distribute tunnels between (vH 1vD) and (vH 2vD). Once in vH 1 or vH 2the
tunnel is terminated directly in the corresponding node, except for some fault condition in one
of these links, in which case a detour through the other vHx node is always possible. When the
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fault condition arises in (vH 1vD) or (vH 2vD), a detour may be taken through:
(vDvA2), (vA2vA1), (vA1vH 2) or (vDvA2), (vA2vA1), (vA1vH 2), (vH 2vH 1).

Since all the transformation are of polynomial complexity it stands that NPP≺MORNP  and
MORNP is NP-Hard.

We proved the complexity of MORNP is intrinsic to the problem, since it is NP-Hard. Because
of the previous result and like for most other network design problems, an exhaustive search
for the optimal solution of the problem presented in this work is infeasible for real size
problems.

4. Metaheuristics

We decided to use a metaheuristic algorithm based on GRASP to find good quality solutions
for real instances of this problem. A very high level diagram of our algorithm is shown in
Figure 3.

4.1. GRASP implementation

As for every GRASP implementation this algorithm has a loop with two phases. The construc‐
tion phase builds a randomized feasible solution, from which a local minimum is found during the
local search phase. This procedure is repeated MaxIter  times, while the best overall solution is
kept as the result. Further information and details in GRASP algorithms can be found in [7] or
in [8].

Figure 3. Block-diagram of the GRASP implementation used.

The initialization phase performs computations whose results are invariants among the
iterations, like the shortest path and distance over the physical layer between each pair of
nodes.
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4.2. Construction phase

The randomized feasible solution phase performs a heuristic low cost balanced routing of the
logical layer over the physical one. The exact solution for this sub-problem is also NP-Complete
as it can be seen in [9]. The goal is to find a path for every lightpath, such that the number of
physical link intersections is minimum. It is also desirable that the total cost be as low as
possible but as a secondary priority. The strategy chosen in this heuristic is the following: nodes
are taken randomly (.e.g.: uniformly), and for each node their logical links are also taken
randomly but with probabilities in inverse ratio to the minimal possible distance of their
lightpaths over the physical layer.

Instead of using the real distances of the physical links (lij), from this point on and until the
next iteration pseudo-distances: l̄ ij, ∀ (ij)∈P  will be used. Prior to start routing lightpaths, all
these pseudo-distances are set to 1.

Figure 4. An example of the balanced routing heuristic.

According to these new weights, logical links are routed following the minimal distance
without repeating physical links among them. Usually, after routing some lightpaths the set
of not-yet-used physical links empties, and it is necessary to start over a new control window
by filling again the not-yet-used set. Prior to do this, the pseudo-distances are updated using
the following rule: l̄ ij =(1 + nij) p for some fixed penalty p, where nij is the number of lightpaths
that are making use of (ij)∈P  up to the moment.

For instance, let us guess our networks are like those sketched in Figure 4 and the links drawn
are: (12), (15), (13), (14), (23), (35),  and so on. The left half of Figure 4 shows with red and blue
lines how are routed the lightpaths (12) and (15). At this point we need to update the pseudo-
distances and restart the window. If p =1.5 and since n12 =n15 =1, then l̄12 = l̄15 =21.5≈2.83 for the
next window.
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The next two logical links are (13) and (14). They are routed using the updated values. Their
lightpaths are also represented with green and magenta lines in the right half of Figure 4. The
link (23) is the following and it can be routed in two hops. A window restart is necessary to
route the lightpath of (35), as it can be seen in Figure 5.

The elements of the input data in Algorithm-1 are: the logical graph (V , L ), the physical graph
(V , P), the minimum distance over the physical layer to connect each pair of nodes -computed
in the initialization phase-. The output is an application between logical links and the subset of
physical links used by their lightpaths.

The algorithm detailed in Algorithm-1 is the one depicted in Figure 4 and Figure 5. The
outcome of the randomized feasible solution phase is a candidate configuration for the route
of each lightpath over the physical network. We did not make use of capacity and traffic
information yet; and before going any further we must state that -as in the exact examples- in
our practical applications we limited the capacities set to only one capacity (| B̂ | =1).

The main reason was that the telecommunications company we developed this application
for, wanted the maximum possible bitrate for all the interfaces of its core network. The next
issue is determining whether the configuration found is feasible or not. The answer to this
question is far from being easy, since this sub-problem is NP-Complete. We have based on a
heuristic to answer this question. The heuristic is the following: demands are taken in de‐
creasing order of volume (d pq) and each tunnel is routed over the logical layer following the
minimal number of hops, but using only links with remaining capacity to allocate the new
tunnel demand.

For instance, Figure 6 shows an example logical topology whose link capacities are 3. Let the
demands be: d24 =2, d12 =1, d13 =1 and d23 =1. The path followed by every tunnel is sketched in
Figure 6 using: violet, orange, red, and green curves respectively; so it is the remaining capacity
in every link after routing each tunnel -two tunnels in the central image-.

Figure 5. Lightpaths for logical links (23) and (35).
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This constraint based routing algorithm is straightforward and it is based on Dijkstra's
algorithm. Nevertheless an efficient implementation is quite complicated because of the
following fact: to be sure a solution is feasible this algorithm must be repeated for each single
failure scenario. In order to improve the efficiency: routes cache, optimized data structures
and several others low-level programming techniques were used. This isFeasible function is
used in both: construction and local search phases. The performance of this function is critic
since it is used several times within the same iteration in the local search, as it is represented
in Figure 3. Up to this point and before entering the local search phase, we have a feasible
configuration for the routes of every lightpath; but we are still using all of the initial logical
links and this input network is very likely to be over-sized. Moreover, in the construction phase

Algorithm 1.

Figure 6. Routes for the tunnels (24), (12), (13), and (23)over a Logical Layer.
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we attempted to distribute the routes of the lightpaths uniformly over the physical layer, but
it is still possible that many logical links fail simultaneously because of a single physical link
failure. Therefore, it is very likely that many of these “redundant links” may be disposed of,
if they are not really adding useful capacity. It is worth mentioning that from this point on and
until the next iteration, lightpaths costs are revealed because we have their lengths -from the
configuration for their routes- and there is only one possible capacity.

4.3. Local search

Through the local search phase we intend to remove the most expensive and unnecessary
logical links for the current configuration. The process is the following: logical links are taken
in decreasing order of cost for their lightpaths, each one is removed and the feasibility of the
solution is tested again. If the solution remains feasible the current logical link is permanently
removed, otherwise it is reinserted and the sequence follows for the remaining logical links.
Once this processes is finished the result is a minimal solution. After MaxIter  iterations the best
solution found is chosen to be the output of the algorithm. Since the construction procedure
we have used in this work privileges the nodes drawn earlier to shape the routes of the
lightpaths, we presume that adding path-relinking to this algorithm could significantly
improve the quality of the result, if the initial lightpaths routes of the elite solutions are
prioritized to explore new solutions. We are planning to check this assumption in a future
work. For further information in path-relinking enhancement to GRASP, please refer to: [7]
and [10].

5. Application case context and results

We will focus now in the context of ANTEL -the telecommunication company we applied this
metaheuristic to-. Prior to doing so we are giving some basic elements of the overall Internet
architecture. Internet is actually a network that could be disaggregated into several separate
smaller networks also known as Autonomous Systems (AS). Typically every AS is a portion of
the global Internet owned/governed by a particular Internet Service Provider (ISP). Internet
users access content residing in servers of: companies, universities, government sites or even
from other residential customers (e.g. P2P applications). A portion of this content is located
within the own network of the ISP this customer lease the service to -into some of the Points
Of Presence (POP) of the ISP-, but most content is scattered over the Internet. Since traffic
interchange is necessary among different ISPs, the Internet architecture needs special POPs
known as Network Access Points (NAPs). Within these NAPs: Carriers, ISPs and important
content providers (e.g.: Google, Akamai) connect to each other in order to interchange traffic.

This company had two different IP/MPLS networks referred to as: aggregation network and
public Internet network. The aggregation network is geographically dispersed all over the country
and it is responsible of gathering and delivering the traffic of the customers to the public Internet
network. The public Internet network is where the AS of this ISP is implemented; centralizes the
international connections with other ISPs as well as those to Datacenters of local content
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providers. The public Internet network is geographically concentrated and only has POPs in the
Capital City and in an important NAP of the US territory (see grey clouds in Figure 7). In terms
of the model covered in this article we may stand that the physical network has all of its nodes
but one -the NAP- within the national boundaries.

There are four independent paths for international connections -leased to Carriers- between
the NAP and the national boundaries. The aggregation and public Internet networks are both
logical. The public Internet network only has presence in a few POPs of the Capital City and in
the NAP; and although the aggregation network has full-national presence it does not span to
the NAP. A Non-Disclosure Agreement (NDA) signed between the telecommunications
company and our research institute protects more accurate information and details. The costs
and traffic information shown in the rest of this article are only referential.

Figure 7. Remarkable aspects of the particular network architecture.

Several planning concerns arose from the situation exposed: Is it convenient the current
architecture? Or it would be better to merge both IP/MPLS networks? Are profitable the IT
infrastructure investments necessary to increase the percentage of local content? Which would
be the optimal network to fulfil every demand requirements scenario? We helped to answer
these questions by identifying representative scenarios and creating their associated data sets
to feed the metaheuristic.

The overall performance of the algorithm described in Section-4 was very good -under the two
hours of execution time in every scenario-.

We tried several scenarios based on the following considerations: traffic volume, network
architecture and the percentage of locally terminated traffic. We selected eight remarkable
scenarios to detail in Table 2.
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the global Internet owned/governed by a particular Internet Service Provider (ISP). Internet
users access content residing in servers of: companies, universities, government sites or even
from other residential customers (e.g. P2P applications). A portion of this content is located
within the own network of the ISP this customer lease the service to -into some of the Points
Of Presence (POP) of the ISP-, but most content is scattered over the Internet. Since traffic
interchange is necessary among different ISPs, the Internet architecture needs special POPs
known as Network Access Points (NAPs). Within these NAPs: Carriers, ISPs and important
content providers (e.g.: Google, Akamai) connect to each other in order to interchange traffic.

This company had two different IP/MPLS networks referred to as: aggregation network and
public Internet network. The aggregation network is geographically dispersed all over the country
and it is responsible of gathering and delivering the traffic of the customers to the public Internet
network. The public Internet network is where the AS of this ISP is implemented; centralizes the
international connections with other ISPs as well as those to Datacenters of local content
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providers. The public Internet network is geographically concentrated and only has POPs in the
Capital City and in an important NAP of the US territory (see grey clouds in Figure 7). In terms
of the model covered in this article we may stand that the physical network has all of its nodes
but one -the NAP- within the national boundaries.

There are four independent paths for international connections -leased to Carriers- between
the NAP and the national boundaries. The aggregation and public Internet networks are both
logical. The public Internet network only has presence in a few POPs of the Capital City and in
the NAP; and although the aggregation network has full-national presence it does not span to
the NAP. A Non-Disclosure Agreement (NDA) signed between the telecommunications
company and our research institute protects more accurate information and details. The costs
and traffic information shown in the rest of this article are only referential.

Figure 7. Remarkable aspects of the particular network architecture.

Several planning concerns arose from the situation exposed: Is it convenient the current
architecture? Or it would be better to merge both IP/MPLS networks? Are profitable the IT
infrastructure investments necessary to increase the percentage of local content? Which would
be the optimal network to fulfil every demand requirements scenario? We helped to answer
these questions by identifying representative scenarios and creating their associated data sets
to feed the metaheuristic.

The overall performance of the algorithm described in Section-4 was very good -under the two
hours of execution time in every scenario-.

We tried several scenarios based on the following considerations: traffic volume, network
architecture and the percentage of locally terminated traffic. We selected eight remarkable
scenarios to detail in Table 2.
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According on traffic forecasts it is expected that some years from now the total volume of traffic
to be placed somewhere between 57 and 100 (reference values). If some IT investments and
agreements were made it is expected that the percentage of locally terminated traffic (national
traffic) could be greater (High). These new potential sources of traffic would be placed in the
Capital City, specifically in the same POPs where the public Internet network is present. Those
scenarios where merged networks is set to False inherit the current network architecture.

scenario

index

aggregated

traffic demand

%local

content

merged

networks

number

of nodes

required

lightpaths

total

cost

1 100 Low False 56 81 10,000,000

2 100 Low True 68 118 7,662,651

3 100 High False 56 81 7,578,234

4 100 High True 68 133 5,713,563

5 57 Low False 56 75 6,319,470

6 57 Low True 63 94 4,872,987

7 57 High False 56 75 5,108,587

8 57 High True 63 105 4,064,597

Table 2. Referential results for representative scenarios

Another remarkable aspect of this architecture is that whereas the aggregation network is
deployed directly over the physical layer, there is an extra SDH layer between the public
Internet network and the physical one. Since the public Internet network only has a few nodes
and its protection relies on the 1+1 protection mechanism of SDH, its optimal value can be
estimated easily. The only portion where we needed computer assistance is that of the
aggregation network. The columns number of nodes and required lightpaths refers exclusively
to the values for this last network.

On the other hand and in order to compare solutions fairly, the column total cost represents
the combined cost of both networks -when they are not joined-. It is worth observing those
scenarios: 1 and 3, as well as 5 and 7 require the same number of lightpaths. Moreover, their
solutions use exactly the same lightpaths. This result should be expected because in both pairs
of scenarios share the same traffic and non-merged network architecture; since Datacenters -
the only difference- are connected to the public Internet network, the aggregation network is
unaware of the percentage of local content. The only changes are in the total cost because of the
saving of international capacity.

Less intuitive are those savings arising exclusively from the merging of both networks like: 1
and 2, 3 and 4, and so on. The reason is the following: “the routing search-space of the IP/MPLS
technology is much greater than that of the SDH equivalent, so it is much more efficient”. For
simplicity let us guess for a while that traffic does not need to be fitted in tunnels and instead
can behave as a fluid. Since the length of international connections is measured in thousands
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of kilometres, this links are the most expensive of the physical network. As it was showed in
Figure 7 there are four independent connections to the NAP; hence if we needed to guarantee
60Gbps of international traffic we could reserve 20Gbps in every one of these links, because a
single failure could only affect one of them. Therefore the efficiency in the usage of interna‐
tional connections could rise to 75% if the efficiency of IP/MPLS would be available. The
protection mechanism of SDH (1+1) cannot exploit this degree of connectivity. To protect
60Gbps of traffic using SDH active/stand-by independent paths, we always need other 60Gbps
of reserved capacity, so the efficiency of SDH it is limited to 50%. The improved efficiency of
IP/MPLS to exploit the extra connectivity degree between local and international traffic
explains by itself most of the savings.

6. Conclusion

Perhaps the most remarkable result of this work relies on exposing through a real-world
application, how much more cost-efficient could be networks deployed using IP/MPLS, than
those based on traditional protection schemes like SDH. This efficiency comes not only from
the savings linked to the elimination of an intermediate layer, but also from the extra degrees
of freedom available to route the traffic.

We presume that the application this work dealt with is not an exception, and the potential
savings might replicate from one ISP to the other. The results for the examples of Section-5 and
their later analysis justify the convenience to update network design models this work
introduced, in order to follow the new technology trends and exploit their benefits.

Regarding on the metaheuristic, we presume that applying path-relinking could significantly
increase the computational efficiency of the proposed GRASP, so this is the line of our
immediate future work.
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of kilometres, this links are the most expensive of the physical network. As it was showed in
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1. Introduction

The communication traffic volume handled by trunk optical transport networks has been in‐
creasing year by year [1]. Meeting the increasing demand not only requires a quantitative
increase in total traffic volume, but also ideally requires an increase in the speed of individu‐
al clients to maintain the balance between cost and reliability. This is particularly appropri‐
ate for shorter links across the network, where the relatively high optical signal-to-noise
ratio (OSNR) would allow the use of a higher capacity, but is less appropriate for the longest
links, where products are already close to the theoretical limits [2]. In such circumstances, it
is necessary to maximize resource utilization and in a static network one approach to ach‐
ieve this is the deployment of spectrally efficient higher-order modulation formats enabled
by digital coherent detection. As attested by the rapid growth in reported constellation size
[3,4], the optical hardware for a wide variety of coherently detected modulation formats is
identical [5]. This has led to the suggestion that a common transponder may be deployed
and the format adjusted on a link by link basis to either maximize the link capacity given the
achieved OSNR, or if lower, match the required client interface rate [6] such that the number
of wavelength channels allocated to a given route is minimized. It is believed that such dy‐
namic, potentially self-adjusting, networks will enable graceful capacity growth, ready re‐
source re-allocation and cost reductions associated with improved transponder volumes and
sparing strategies. However additional trade-offs and challenges associated with such net‐
works are presented to system designers and network planners. One such challenge is asso‐
ciated with the nonlinear transmission impairments which strongly link the achievable
channel reach for a given set of modulation formats, symbol-rates [6,7] across a number of
channels.
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Various methods of compensating fiber transmission impairments have been proposed,
both in optical and electronic domain. Traditionally, dispersion management was used to
suppress the impact of fiber nonlinearities [8,9]. Although dispersion management is appre‐
ciably beneficial, the benefit is specific to a limited range of transmission formats and rates
and it enforces severe limitations on link design. Similarly, compensation of fiber impair‐
ments based on spectral inversion (SI) [10], has been considered attractive because of the re‐
moval of in-line dispersion compensation modules (DCM), transparency to modulation
formats and compensation of nonlinearity. However, although SI has large bandwidth capa‐
bilities, it often necessitates precise positioning and customized link design (e.g., distributed
Raman amplification, etc.). Alternatively, with the availability of high speed digital signal
processing (DSP), electronic mitigation of transmission impairments has emerged as a prom‐
ising solution. As linear compensation methods have matured in past few years [11], the re‐
search has intensified on compensation of nonlinear impairments. In particular, electronic
signal processing using digital back-propagation (DBP) with time inversion has been ap‐
plied to the compensation of channel nonlinearities [12,13]. Back-propagation may be locat‐
ed at the transmitter [14] or receiver [15], places no constraints on the transmission line and
is thus compatible with the demands of an optical network comprising multiple routes over
a common fiber platform. In principle this approach allows for significant improvements in
signal-to-noise ratios until the system performance becomes limited only by non-determinis‐
tic effects [16] or the power handling capabilities of individual components. Although the
future potential of nonlinear impairment compensation using DBP in a dynamic optical net‐
work is unclear due to its significant computational burden, simplification of nonlinear DBP
using single-channel processing at the receiver suggest that the additional processing re‐
quired for intra-channel nonlinearity compensation may be significantly lower than is wide‐
ly anticipated [17,18]. Studies of the benefits of DBP have largely been verified for systems
employing homogenous network traffic, where all the channels have the same launch power
[19]. However, as network upgrades are carried out, it is likely that channels employing dif‐
ferent multi-level formats will become operational. In such circumstances, it has been dem‐
onstrated that the overall network capacity may be increased if the network traffic will
become inhomogeneous, not only in terms of modulation format, but also in terms of signal
launch power [6,7,20]. In particular, if each channel operates at the minimum power re‐
quired for error free propagation (after error correction) rather than a global average power
or the optimum power for the individual channel, the overall level of cross phase modula‐
tion in the network is reduced [20].

In this chapter we demonstrate the application of electronic compensation schemes in a dy‐
namic optical network, focusing on adjustable signal constellations with non identical
launch powers, and discuss the impact of periodic addition of 28-Gbaud polarization multi‐
plexed m-ary quadrature amplitude modulation (PM-mQAM) channels on existing traffic.
We also discuss the impact of cascaded reconfigurable optical add-drop multiplexerson net‐
works operating close to the maximum permissible capacity in the presence of electronic
compensation techniques for a range of higher-order modulation formats and filter shapes.
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2. Simulation conditions

Figure 1 illustrates the simulation setup. The optical link comprised nine (unless mentioned
otherwise) 28-Gbaud WDM channels, employing PM-mQAM with a channel spacing of 50
GHz. For all the carriers, both the polarization states were modulated independently using
de-correlated 215 and 216 pseudo-random bit sequences (PRBS), for x- and y-polarization
states, respectively. Each PRBS was de-multiplexed separately into two multi-level output
symbol streams which were used to modulate an in-phase and a quadrature-phase carrier.
The optical transmitters consisted of continuous wave laser sources, followed by two nested
Mach-Zehnder Modulator structures for x- and y-polarization states, and the two polariza‐
tion states were combined using an ideal polarization beam combiner. The simulation condi‐
tions ensured 16 samples per symbol with 213 total simulated symbols per polarization. The
signals were propagated over standard single mode fiber (SSMF) transmission link with 80
km spans, no inline dispersion compensation and single-stage erbium doped fiber amplifi‐
ers (EDFAs). The fiber had attenuation of 0.2 dB/km, dispersion of 20 ps/nm/km, and a non‐
linearity coefficient (γ) of 1.5/W/km(unless mentioned otherwise). Each amplifier stage was
modeled with a 4.5 dB noise figure and the total amplification gain was set to be equal to the
total loss in each span.
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Figure 1. Simulation setup for 28-Gbaud PM-mQAM (m= 4, 16, 64, 256) transmission system with L wavelengths and
M spans per node (total spans is given by N).

At the coherent receiver the signals were pre-amplified (to a fixed power of 0 dBm per chan‐
nel), filtered with a 50 GHz 3rd order Gaussian de-multiplexing filter, coherently-detected
and sampled at 2 samples per symbol. Transmission impairments were digitally compensat‐

Scaling the Benefits of Digital Nonlinear Compensation in High Bit-Rate Optical Meshed Networks
http://dx.doi.org/10.5772/52743

23



Various methods of compensating fiber transmission impairments have been proposed,
both in optical and electronic domain. Traditionally, dispersion management was used to
suppress the impact of fiber nonlinearities [8,9]. Although dispersion management is appre‐
ciably beneficial, the benefit is specific to a limited range of transmission formats and rates
and it enforces severe limitations on link design. Similarly, compensation of fiber impair‐
ments based on spectral inversion (SI) [10], has been considered attractive because of the re‐
moval of in-line dispersion compensation modules (DCM), transparency to modulation
formats and compensation of nonlinearity. However, although SI has large bandwidth capa‐
bilities, it often necessitates precise positioning and customized link design (e.g., distributed
Raman amplification, etc.). Alternatively, with the availability of high speed digital signal
processing (DSP), electronic mitigation of transmission impairments has emerged as a prom‐
ising solution. As linear compensation methods have matured in past few years [11], the re‐
search has intensified on compensation of nonlinear impairments. In particular, electronic
signal processing using digital back-propagation (DBP) with time inversion has been ap‐
plied to the compensation of channel nonlinearities [12,13]. Back-propagation may be locat‐
ed at the transmitter [14] or receiver [15], places no constraints on the transmission line and
is thus compatible with the demands of an optical network comprising multiple routes over
a common fiber platform. In principle this approach allows for significant improvements in
signal-to-noise ratios until the system performance becomes limited only by non-determinis‐
tic effects [16] or the power handling capabilities of individual components. Although the
future potential of nonlinear impairment compensation using DBP in a dynamic optical net‐
work is unclear due to its significant computational burden, simplification of nonlinear DBP
using single-channel processing at the receiver suggest that the additional processing re‐
quired for intra-channel nonlinearity compensation may be significantly lower than is wide‐
ly anticipated [17,18]. Studies of the benefits of DBP have largely been verified for systems
employing homogenous network traffic, where all the channels have the same launch power
[19]. However, as network upgrades are carried out, it is likely that channels employing dif‐
ferent multi-level formats will become operational. In such circumstances, it has been dem‐
onstrated that the overall network capacity may be increased if the network traffic will
become inhomogeneous, not only in terms of modulation format, but also in terms of signal
launch power [6,7,20]. In particular, if each channel operates at the minimum power re‐
quired for error free propagation (after error correction) rather than a global average power
or the optimum power for the individual channel, the overall level of cross phase modula‐
tion in the network is reduced [20].

In this chapter we demonstrate the application of electronic compensation schemes in a dy‐
namic optical network, focusing on adjustable signal constellations with non identical
launch powers, and discuss the impact of periodic addition of 28-Gbaud polarization multi‐
plexed m-ary quadrature amplitude modulation (PM-mQAM) channels on existing traffic.
We also discuss the impact of cascaded reconfigurable optical add-drop multiplexerson net‐
works operating close to the maximum permissible capacity in the presence of electronic
compensation techniques for a range of higher-order modulation formats and filter shapes.

Current Developments in Optical Fiber Technology22

2. Simulation conditions

Figure 1 illustrates the simulation setup. The optical link comprised nine (unless mentioned
otherwise) 28-Gbaud WDM channels, employing PM-mQAM with a channel spacing of 50
GHz. For all the carriers, both the polarization states were modulated independently using
de-correlated 215 and 216 pseudo-random bit sequences (PRBS), for x- and y-polarization
states, respectively. Each PRBS was de-multiplexed separately into two multi-level output
symbol streams which were used to modulate an in-phase and a quadrature-phase carrier.
The optical transmitters consisted of continuous wave laser sources, followed by two nested
Mach-Zehnder Modulator structures for x- and y-polarization states, and the two polariza‐
tion states were combined using an ideal polarization beam combiner. The simulation condi‐
tions ensured 16 samples per symbol with 213 total simulated symbols per polarization. The
signals were propagated over standard single mode fiber (SSMF) transmission link with 80
km spans, no inline dispersion compensation and single-stage erbium doped fiber amplifi‐
ers (EDFAs). The fiber had attenuation of 0.2 dB/km, dispersion of 20 ps/nm/km, and a non‐
linearity coefficient (γ) of 1.5/W/km(unless mentioned otherwise). Each amplifier stage was
modeled with a 4.5 dB noise figure and the total amplification gain was set to be equal to the
total loss in each span.

80km 
SSMF

xM per node

28 Gbaud PM-mQAM 
Transmitter

FIR
FIR

Pol
Demux

Symbol
Decision
& Error 

Counting

Down
Sampling

Digital Back
Propagation PBS

Optical Field 
Reconstruction

Up
Sampling ADC Coherent 

Receiver

LO

xL per node

x

y

xN

Add

Drop

Channelized ROADMs

Figure 1. Simulation setup for 28-Gbaud PM-mQAM (m= 4, 16, 64, 256) transmission system with L wavelengths and
M spans per node (total spans is given by N).

At the coherent receiver the signals were pre-amplified (to a fixed power of 0 dBm per chan‐
nel), filtered with a 50 GHz 3rd order Gaussian de-multiplexing filter, coherently-detected
and sampled at 2 samples per symbol. Transmission impairments were digitally compensat‐
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ed in two scenarios. Firstly by using electronic dispersion compensation (EDC) alone, em‐
ploying finite impulse response (FIR) filters (T/2-spaced taps) adapted using a least mean
square algorithm. In the second case, electronic compensation was applied via single-chan‐
nel digital back-propagation (SC-DBP), which was numerically implemented by split-step
Fourier method based solution of nonlinear Schrödinger equation. In order to establish the
maximum potential benefit of DBP, the signals were up sampled to 16 samples per bit and
an upper bound on the step-size was set to be 1 km with the step length chosen adaptively
based on the condition that in each step the nonlinear effects must change the phase of the
optical field by no more than 0.05 degrees. To determine the practically achievable benefit,
in line with recent simplification of DBP algorithms, e.g. [17,18,21], we also employed a sim‐
plified DBP algorithm similar to [21], with number of steps varying from 0.5 step/span to 2
steps/span. Following one of these stages (EDC or SC-DBP) polarization de-multiplexing,
frequency response compensation and residual dispersion compensation was then per‐
formed using FIR filters, followed by carrier phase recovery [22]. Finally, the symbol deci‐
sions were made, and the performance assessed by direct error counting (converted into an
effective Q-factor (Qeff)). All the numerical simulations were carried out using VPItransmis‐
sionMaker®v8.5, and the digital signal processing was performed in MATLAB®v7.10.

3. Analysis of trade-offs in hybrid networks

3.1. Constraints on transmission reach

In a dynamic network, there are a large range of options to provide the desired flexibility
including symbol rate [23], sub-carrier multiplexing [24], network configuration [25] signal
constellation and various combinations of these techniques. In this section we focus on the
signal constellation and discuss the impact of periodic addition of PM-mQAM (m= 4, 16, 64,
256) transmission schemes on existing PM-4QAM traffic in a 28-Gbaud WDM optical net‐
work with a total transparent optical path of 9,600 km. We demonstrate that the periodic ad‐
dition of traffic at reconfigurable optical add-drop multiplexer (ROADM) sites degrades
through traffic, and that this degradation increases with the constellation size of the added
traffic. In particular, we demonstrate that undistorted PM-mQAM signals have the greatest
impact on the through traffic, despite such signals having lower peak-to-average power ra‐
tio (PAPR) than dispersed signals, although the degradation strongly correlated to the total
PAPR of the added traffic at the launch point itself. Using this observation, we propose the
use of linear pre-distortion of the added channels to reduce the impact of the cross-channel
impairments [26,27].

Note that the total optical path was fixed to be 9,600 km and after every M spans, a ROADM
stage was employed and the channels to the left and right of the central channel were drop‐
ped and new channels with independent data patterns were added, as shown in Figure 2. in
order to analyze the system performance, the dropped channels were coherently-detected
after first ROADM and the central channel after the last ROADM link.

Current Developments in Optical Fiber Technology24

Figure 2. Network topology for flexible optical network, employing PM-4QAM traffic as a through channel, and PM-
mQAM traffic as neighboring channels, getting added/dropped at each ROADM site. Note that in this schematic only
right-hand wavelength is shown to be added/dropped, however in the simulations both right and left wavelengths
were add/dropped. The total path length was fixed to 9,600 km, and the number of ROADMs was varied.

The optimum performance of the central PM-4QAM channel at 9,600 km occurred for a
launch power of -1 dBm. In this study, the launch power of all the added channels was also
fixed at -1 dBm, such that all channels had equal launch powers. Figure 3 illustrates the per‐
formance of the central test channel after the last node (solid), along with the performance of
co-propagating channel employing various modulation formats after the first ROADM node
(open) for a number of ROADM spacing’s, using both single-channel DBP (Figure 3a) and
EDC (Figure 3b). It can be seen that single-channel DBP offers a Qeff improvement of ~1.5 dB
compared to EDC based system. This performance improvement is strongly constrained by
inter-channel nonlinearities, such that intra-channel effects are not dominant. Moreover, the
figure shows that as the number of ROADM nodes are increased, or the distance between
ROADMs decreases, the performance of higher-order neighboring channels improves signif‐
icantly due to the improved OSNR.

It can also be seen from Figure 3 that added channels with higher-order formats induce greater
degradation of the through channel. In particular if there are 30 ROADM sites (320 km ROADM
spacing) allocated to transmit PM-64QAM, whilst this traffic operates with significant margin,
the through traffic falls below the BER of 3.8x10-3. This increased penalty is due to the increased
nonlinear degradation encountered in the first span after the ROADM node, where higher for‐
mats induce greater cross phase modulation(XPM) than PM-4QAM by virtue of their increased
PAPR. However, even when the add drop traffic is PM-4QAM, the performance of the through
channel degrades slightly as the number of ROADM nodes is increased, despite the reduction in
PAPR due to the randomization of the nonlinear crosstalk.

The estimated PAPR evolutions for the various formats are shown in Figure 4. Asymptotic
values are reached after the first span, and reach a slightly higher value for m ≥ 16. The
PAPR is reduced at the ROADM site itself, particularly for PM-4QAM. Figure 4 implies that
harmful increases in the instantaneous amplitude of the interfering channels are not the en‐
tire cause of the penalty experienced by the through channel; we can therefore only con‐
clude that the additional distortion results from interplay between channel walk off and
nonlinear effects. Given that walk-off is known to induce short and medium range correla‐
tion in crosstalk between subsequent bits, effectively low pass filtering the crosstalk [28]. We
thus believe that the penalty experienced by the through channel is not only because of var‐
iation in PAPR, but also due to the randomization of the crosstalk by the periodic replace‐
ment of the interfering data pattern.
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square algorithm. In the second case, electronic compensation was applied via single-chan‐
nel digital back-propagation (SC-DBP), which was numerically implemented by split-step
Fourier method based solution of nonlinear Schrödinger equation. In order to establish the
maximum potential benefit of DBP, the signals were up sampled to 16 samples per bit and
an upper bound on the step-size was set to be 1 km with the step length chosen adaptively
based on the condition that in each step the nonlinear effects must change the phase of the
optical field by no more than 0.05 degrees. To determine the practically achievable benefit,
in line with recent simplification of DBP algorithms, e.g. [17,18,21], we also employed a sim‐
plified DBP algorithm similar to [21], with number of steps varying from 0.5 step/span to 2
steps/span. Following one of these stages (EDC or SC-DBP) polarization de-multiplexing,
frequency response compensation and residual dispersion compensation was then per‐
formed using FIR filters, followed by carrier phase recovery [22]. Finally, the symbol deci‐
sions were made, and the performance assessed by direct error counting (converted into an
effective Q-factor (Qeff)). All the numerical simulations were carried out using VPItransmis‐
sionMaker®v8.5, and the digital signal processing was performed in MATLAB®v7.10.

3. Analysis of trade-offs in hybrid networks

3.1. Constraints on transmission reach

In a dynamic network, there are a large range of options to provide the desired flexibility
including symbol rate [23], sub-carrier multiplexing [24], network configuration [25] signal
constellation and various combinations of these techniques. In this section we focus on the
signal constellation and discuss the impact of periodic addition of PM-mQAM (m= 4, 16, 64,
256) transmission schemes on existing PM-4QAM traffic in a 28-Gbaud WDM optical net‐
work with a total transparent optical path of 9,600 km. We demonstrate that the periodic ad‐
dition of traffic at reconfigurable optical add-drop multiplexer (ROADM) sites degrades
through traffic, and that this degradation increases with the constellation size of the added
traffic. In particular, we demonstrate that undistorted PM-mQAM signals have the greatest
impact on the through traffic, despite such signals having lower peak-to-average power ra‐
tio (PAPR) than dispersed signals, although the degradation strongly correlated to the total
PAPR of the added traffic at the launch point itself. Using this observation, we propose the
use of linear pre-distortion of the added channels to reduce the impact of the cross-channel
impairments [26,27].

Note that the total optical path was fixed to be 9,600 km and after every M spans, a ROADM
stage was employed and the channels to the left and right of the central channel were drop‐
ped and new channels with independent data patterns were added, as shown in Figure 2. in
order to analyze the system performance, the dropped channels were coherently-detected
after first ROADM and the central channel after the last ROADM link.
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Figure 2. Network topology for flexible optical network, employing PM-4QAM traffic as a through channel, and PM-
mQAM traffic as neighboring channels, getting added/dropped at each ROADM site. Note that in this schematic only
right-hand wavelength is shown to be added/dropped, however in the simulations both right and left wavelengths
were add/dropped. The total path length was fixed to 9,600 km, and the number of ROADMs was varied.

The optimum performance of the central PM-4QAM channel at 9,600 km occurred for a
launch power of -1 dBm. In this study, the launch power of all the added channels was also
fixed at -1 dBm, such that all channels had equal launch powers. Figure 3 illustrates the per‐
formance of the central test channel after the last node (solid), along with the performance of
co-propagating channel employing various modulation formats after the first ROADM node
(open) for a number of ROADM spacing’s, using both single-channel DBP (Figure 3a) and
EDC (Figure 3b). It can be seen that single-channel DBP offers a Qeff improvement of ~1.5 dB
compared to EDC based system. This performance improvement is strongly constrained by
inter-channel nonlinearities, such that intra-channel effects are not dominant. Moreover, the
figure shows that as the number of ROADM nodes are increased, or the distance between
ROADMs decreases, the performance of higher-order neighboring channels improves signif‐
icantly due to the improved OSNR.

It can also be seen from Figure 3 that added channels with higher-order formats induce greater
degradation of the through channel. In particular if there are 30 ROADM sites (320 km ROADM
spacing) allocated to transmit PM-64QAM, whilst this traffic operates with significant margin,
the through traffic falls below the BER of 3.8x10-3. This increased penalty is due to the increased
nonlinear degradation encountered in the first span after the ROADM node, where higher for‐
mats induce greater cross phase modulation(XPM) than PM-4QAM by virtue of their increased
PAPR. However, even when the add drop traffic is PM-4QAM, the performance of the through
channel degrades slightly as the number of ROADM nodes is increased, despite the reduction in
PAPR due to the randomization of the nonlinear crosstalk.

The estimated PAPR evolutions for the various formats are shown in Figure 4. Asymptotic
values are reached after the first span, and reach a slightly higher value for m ≥ 16. The
PAPR is reduced at the ROADM site itself, particularly for PM-4QAM. Figure 4 implies that
harmful increases in the instantaneous amplitude of the interfering channels are not the en‐
tire cause of the penalty experienced by the through channel; we can therefore only con‐
clude that the additional distortion results from interplay between channel walk off and
nonlinear effects. Given that walk-off is known to induce short and medium range correla‐
tion in crosstalk between subsequent bits, effectively low pass filtering the crosstalk [28]. We
thus believe that the penalty experienced by the through channel is not only because of var‐
iation in PAPR, but also due to the randomization of the crosstalk by the periodic replace‐
ment of the interfering data pattern.
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Figure 3. Qeff as a function of number of ROADMs (and distance between ROADM nodes) for 28-Gbaud PM-mQAM
showing performance of central PM-4QAM (solid, after total length), and neighboring PM-mQAM (open, after first
node). a) with single-channel DBP, b) with electronic dispersion compensation. Square: 4QAM, circle: 16QAM, up tri‐
angle: 64QAM, diamond:256QAM. Up arrows indicate that no errors were detected, implying that the Qeff was likely
to be above 12.59 dB. Total link length is 9,600 km.

Figure 4. Variation in PAPR, for 4QAM (black), 16QAM (red), 64QAM (green) and 256QAM (blue) for a loss-less linear
fiber with 20 ps/nm/km dispersion.
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Figure 5. Qeff of the PM-4QAM through channel for 28-Gbaud PM-mQAM add/drop traffic after 9,600 km as a func‐
tion of a figure of merit (FOM) defined in the text for various add drop configurations. Solid: with single-channel DBP,
open: with EDC.

This is confirmed by Figure 5, which plots the Qeff of PM-4QAM after last node, for both
EDC and single-channel DBP, in terms of a figure of merit (FOM) related to the increased
amplitude modulation experienced by the test channel in the spans immediately following
the ROADM node, defined as,

-
é ù= ´ ë ûmax( ) ( ) ( ) ( )PM mQAM N allFOM m ROADM I m I m (1)

wherem represents the modulation order, ROADMN represents number of add-drop nodes,
Imax and Iallare the maximum and mean intensity of the given modulation format at the
ROADM site. A strong correlation between the penalty and change in PAPR is observed.
For instance, for a high number of ROADMs the system would be mostly influenced by rela‐
tively un-dispersed signals and the difference between peak-to-average fluctuations for mul‐
ti-order QAM varies significantly. This leads to higher-order modulation formats impinging
worse cross-channel effects on existing traffic for shorter routes.

Having observed that the nonlinear penalty is determined by the reduction in the correla‐
tion of nonlinear phase shift between bits arising from changing bit patterns, and to changes
in PAPR arising from undistorted signals, it is possible to design a mitigation strategy to
minimize these penalties. Figure 6 illustrates, for both EDC and single-channel DBP systems,
that if the co-propagating higher-order QAM channels are linearly pre-dispersed, the per‐
formance of the PM-4QAM through traffic can be improved. The figure shows that when
positive pre-dispersion is applied, such that the neighboring channel constellation is never,
along its entire inter node transmission length, restored to a well-formed shape, the impact
of cross-channel impairments on existing traffic is reduced significantly.
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node). a) with single-channel DBP, b) with electronic dispersion compensation. Square: 4QAM, circle: 16QAM, up tri‐
angle: 64QAM, diamond:256QAM. Up arrows indicate that no errors were detected, implying that the Qeff was likely
to be above 12.59 dB. Total link length is 9,600 km.

Figure 4. Variation in PAPR, for 4QAM (black), 16QAM (red), 64QAM (green) and 256QAM (blue) for a loss-less linear
fiber with 20 ps/nm/km dispersion.
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Figure 5. Qeff of the PM-4QAM through channel for 28-Gbaud PM-mQAM add/drop traffic after 9,600 km as a func‐
tion of a figure of merit (FOM) defined in the text for various add drop configurations. Solid: with single-channel DBP,
open: with EDC.

This is confirmed by Figure 5, which plots the Qeff of PM-4QAM after last node, for both
EDC and single-channel DBP, in terms of a figure of merit (FOM) related to the increased
amplitude modulation experienced by the test channel in the spans immediately following
the ROADM node, defined as,

-
é ù= ´ ë ûmax( ) ( ) ( ) ( )PM mQAM N allFOM m ROADM I m I m (1)

wherem represents the modulation order, ROADMN represents number of add-drop nodes,
Imax and Iallare the maximum and mean intensity of the given modulation format at the
ROADM site. A strong correlation between the penalty and change in PAPR is observed.
For instance, for a high number of ROADMs the system would be mostly influenced by rela‐
tively un-dispersed signals and the difference between peak-to-average fluctuations for mul‐
ti-order QAM varies significantly. This leads to higher-order modulation formats impinging
worse cross-channel effects on existing traffic for shorter routes.

Having observed that the nonlinear penalty is determined by the reduction in the correla‐
tion of nonlinear phase shift between bits arising from changing bit patterns, and to changes
in PAPR arising from undistorted signals, it is possible to design a mitigation strategy to
minimize these penalties. Figure 6 illustrates, for both EDC and single-channel DBP systems,
that if the co-propagating higher-order QAM channels are linearly pre-dispersed, the per‐
formance of the PM-4QAM through traffic can be improved. The figure shows that when
positive pre-dispersion is applied, such that the neighboring channel constellation is never,
along its entire inter node transmission length, restored to a well-formed shape, the impact
of cross-channel impairments on existing traffic is reduced significantly.
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Figure 6. Qeff of the PM-4QAM through channel with 30 ROADM sites, when the neighboring PM-64QAM channel is
linearly pre-dispersed. Solid: with single-channel DBP, open: with EDC.

On the other hand, when negative pre-dispersion of less than the node-length (distance per
node) is employed, the central test channel is initially degraded further. This behavior can
be attributed to the increased impact of the PAPR of the un-dispersed constellation which is
restored in the middle of the link. However, if negative pre-dispersion of more than the
node-length is employed, the penalty is reduced due to lower PAPR induced XPM, and the
performance saturates for higher values of pre-dispersion, similar to the case of positive pre-
dispersion. Note that avoiding well formed signals along the entire link corresponds to max‐
imizing the path averaged PAPR of the signals. The benefits of this strategy have
subsequently been predicted from a theoretical standpoint [27].

3.2. Constraints on transmitted power

In this section, we demonstrate that independent optimization of the transmitted launch
power enhances the performance of higher modulation order add-drop channels but severe‐
ly degrades the performance of through traffic due to strong inter-channel nonlinearities.
However, if an altruistic launch power policy is employed such that the higher-order add-
drop traffic still meets the BER of 3.8x10-3, a trade-off can be recognized between the per‐
formance of higher-order channels and existing network traffic enabling higher overall
network capacity with minimal crosstalk [19].

As a baseline for this study, we initially consider transmission distances up to 9,600km with
the same 80km spans, suitable to enable a suitable performance margin (at bit-error rate of
3.8x10-3) for the network traffic given various modulation schemes at a fixed launch power
of -1 dBm, (optimum power as determined in previous section. For a dynamic network with
N ROADMs and mth order PM-QAM, the overall results are summarized in Table 1. The ta‐
ble shows under which conditions the central PM-4QAM channel (right-hand symbol), and
the periodically added traffic (left-hand symbol) are simultaneously able to achieve error-
free operation after FEC. Two ticks indicate that both types of traffic is operational, whilst a
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cross indicates that at least one channel produces severely errorred signals. As expected,
with decreasing ROADM spacing, the operability of higher-order neighboring channels in‐
creases due to the improved OSNR. However, it can also be seen that as a consequence, add‐
ed channels with higher-order formats induce greater degradation of the through channel
through nonlinear crosstalk as shown in Section 3.1. In particular, if the ROADM spacing is
320 km, allocated to transmit PM-64QAM, whilst this traffic is operable, the through traffic
falls below the BER threshold. Conversely for large ROADM spacing, there is little change in
nonlinear crosstalk, since the m-QAM signals are highly dispersed, but the higher order for‐
mat traffic has insufficient OSNR for error free operation. We refer to this approach as “fixed
network power”.

mQAM/

ROADM spacing

4800

km

2400

km

1200

km

640

km

320

km

160

km

80

km

4QAM ++ ++ ++ ++ ++ ++ ++

16QAM x+ ++ ++ ++ ++ +x +x

64QAM x+ x+ x+ ++ +x +x +x

256QAM x+ x+ x+ x+ xx xx +x

Table 1. Operability of PM-mQAM/4QAM above BER threshold of 3.8x10-3for a total trnamsission distance of
9,600km. Tick/Cross (Left) represents performance of mQAM, Tick/Cross (Right) represents corresponding
performance of central 4QAM. Tick: Operational, Cross: Non-operational

Since higher-order modulation formats have higher required OSNR, we expect the optimum
launch power for those channels to be different than those used in the fixed network power
scenario which was operated at a launch power of -1 dBm. Thus, for example, for large
ROADM spacing, we improved performance might be expected if the add-drop traffic oper‐
ates with increased launch power. Figure 7 illustrates the performance of through channel
and the higher-order add-drop channels as a function of launch power of the add-drop traf‐
fic (through channel operates with a fixed, previously optimized, launch power of -1 dBm).
For clarity we report two ROADM spacings, selected to give zero margin (Figure 7a) or ~2
dB margin (Figure 7b) for 256QAM add drop traffic. The ROADM spacing for 16 and
64QAM signals were scaled in proportion (approximately) to their required OSNR levels
under linear transmission. The exact ROADM spacing is reported in the figure captions.

Figure 7 clearly illustrates that the higher-order formats operating over a longer (shorter)
reach enable lower (higher) Qeff, but also that the nonlinear effects increase in severity as the
modulation order is increased. In particular, the long distance through traffic is strongly de‐
graded before the nonlinear threshold is reached for such formats. Comparing Figure 7a and
Figure 7b, we can see that the reduced ROADM spacing in Figure 7b enables improved per‐
formance of the add-drop channels; however the degradation of the through channel is in‐
creasingly severe. This change in behavior between formats can be attributed to the
increased amplitude modulation imposed by un-dispersed signals added at each ROADM
site, as discussed previously.
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Figure 6. Qeff of the PM-4QAM through channel with 30 ROADM sites, when the neighboring PM-64QAM channel is
linearly pre-dispersed. Solid: with single-channel DBP, open: with EDC.

On the other hand, when negative pre-dispersion of less than the node-length (distance per
node) is employed, the central test channel is initially degraded further. This behavior can
be attributed to the increased impact of the PAPR of the un-dispersed constellation which is
restored in the middle of the link. However, if negative pre-dispersion of more than the
node-length is employed, the penalty is reduced due to lower PAPR induced XPM, and the
performance saturates for higher values of pre-dispersion, similar to the case of positive pre-
dispersion. Note that avoiding well formed signals along the entire link corresponds to max‐
imizing the path averaged PAPR of the signals. The benefits of this strategy have
subsequently been predicted from a theoretical standpoint [27].

3.2. Constraints on transmitted power

In this section, we demonstrate that independent optimization of the transmitted launch
power enhances the performance of higher modulation order add-drop channels but severe‐
ly degrades the performance of through traffic due to strong inter-channel nonlinearities.
However, if an altruistic launch power policy is employed such that the higher-order add-
drop traffic still meets the BER of 3.8x10-3, a trade-off can be recognized between the per‐
formance of higher-order channels and existing network traffic enabling higher overall
network capacity with minimal crosstalk [19].

As a baseline for this study, we initially consider transmission distances up to 9,600km with
the same 80km spans, suitable to enable a suitable performance margin (at bit-error rate of
3.8x10-3) for the network traffic given various modulation schemes at a fixed launch power
of -1 dBm, (optimum power as determined in previous section. For a dynamic network with
N ROADMs and mth order PM-QAM, the overall results are summarized in Table 1. The ta‐
ble shows under which conditions the central PM-4QAM channel (right-hand symbol), and
the periodically added traffic (left-hand symbol) are simultaneously able to achieve error-
free operation after FEC. Two ticks indicate that both types of traffic is operational, whilst a
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cross indicates that at least one channel produces severely errorred signals. As expected,
with decreasing ROADM spacing, the operability of higher-order neighboring channels in‐
creases due to the improved OSNR. However, it can also be seen that as a consequence, add‐
ed channels with higher-order formats induce greater degradation of the through channel
through nonlinear crosstalk as shown in Section 3.1. In particular, if the ROADM spacing is
320 km, allocated to transmit PM-64QAM, whilst this traffic is operable, the through traffic
falls below the BER threshold. Conversely for large ROADM spacing, there is little change in
nonlinear crosstalk, since the m-QAM signals are highly dispersed, but the higher order for‐
mat traffic has insufficient OSNR for error free operation. We refer to this approach as “fixed
network power”.
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Table 1. Operability of PM-mQAM/4QAM above BER threshold of 3.8x10-3for a total trnamsission distance of
9,600km. Tick/Cross (Left) represents performance of mQAM, Tick/Cross (Right) represents corresponding
performance of central 4QAM. Tick: Operational, Cross: Non-operational

Since higher-order modulation formats have higher required OSNR, we expect the optimum
launch power for those channels to be different than those used in the fixed network power
scenario which was operated at a launch power of -1 dBm. Thus, for example, for large
ROADM spacing, we improved performance might be expected if the add-drop traffic oper‐
ates with increased launch power. Figure 7 illustrates the performance of through channel
and the higher-order add-drop channels as a function of launch power of the add-drop traf‐
fic (through channel operates with a fixed, previously optimized, launch power of -1 dBm).
For clarity we report two ROADM spacings, selected to give zero margin (Figure 7a) or ~2
dB margin (Figure 7b) for 256QAM add drop traffic. The ROADM spacing for 16 and
64QAM signals were scaled in proportion (approximately) to their required OSNR levels
under linear transmission. The exact ROADM spacing is reported in the figure captions.

Figure 7 clearly illustrates that the higher-order formats operating over a longer (shorter)
reach enable lower (higher) Qeff, but also that the nonlinear effects increase in severity as the
modulation order is increased. In particular, the long distance through traffic is strongly de‐
graded before the nonlinear threshold is reached for such formats. Comparing Figure 7a and
Figure 7b, we can see that the reduced ROADM spacing in Figure 7b enables improved per‐
formance of the add-drop channels; however the degradation of the through channel is in‐
creasingly severe. This change in behavior between formats can be attributed to the
increased amplitude modulation imposed by un-dispersed signals added at each ROADM
site, as discussed previously.
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Figure 7. Qeff as a function of launch power of two neighboring channels for 28-Gbaud PM-mQAM, showing perform‐
ance of central PM-4QAM (Solid), and neighboring PM-mQAM (Half Solid). Triangle: 16QAM, Circle: 64QAM, Square:
256QAM. The launch power per channel for PM-4QAM is fixed to -1 dBm. ROADM spacing of, a) 2400, 640, 160 km, b)
1200, 320, 80 km for 16, 64, 256 QAM, respectively.

We can use the results of Figure 7 to analyze the impact of various power allocation strat‐
egies. Clearly if we allow each transponder to adjust its launch power to optimize its own
performance autonomously, a high launch power will be selected and the degradation to the
traffic from other transponders increases in severity, and in all six scenarios in Figure 7 the
through channel fails if the performance of the add drop traffic is optimized independently.
This suggests that launch power should be centrally controlled. Howevercentrally control‐
led optimization of individual launch powers for each transponder is complex; so a more
promising approach would be a fixed launch power irrespective of add-drop format or
reach to minimize the complexity of this control. We have already seen (Table 1) that if the
launch power is set to favor the performance of PM-4QAM (-1 dBm) the flexibility in trans‐
mitted format for the add/drop transponders is low, and to confirm this in Figure 7 four of
the scenarios fail. The best performance for these two scenarios is achieved at a fixed launch
power of -3 dBm, but we still find that 3 scenarios fail to establish error free connections.
However, if the transponders are altruistically operated at the minimum launch power re‐
quired for the desired connection (not centrally controlled), the majority of the scenarios
studied result in successful connections. The one exception is the add-drop of 256QAM
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channels with a ROADM spacing of 160 km, which is close to the maximum possible reach
of the format. Note that shorter through paths would tend to use higher-order formats for
all the routes, where nonlinear sensitivity is higher [29], and therefore we expect similar con‐
clusions.

4. Application in meshed networks

In the previous section, we identified that optimum performance for a given predetermined
modulation format was obtained by using the minimum launch power. However, this arbi‐
trary selection of transmitted format fails to take into account the ability of a given link to
operate with different formats, leading to a rich diversity of connections. In this section, we
focus on the impact of flexibility in the signal constellation, allowing for evolution of the ex‐
isting ROADM based static networks. We consider a configuration where network capacity
is increased by allowing higher-order modulation traffic to be transmitted on according to
predetermined rules based on homogenous network transmission performance. In particu‐
lar we consider a 50 GHz channel grid with coherently-detected 28-Gbaud PM-mQAMand
20 wavelength channels. We demonstrate that even if modulation formats are chosen based
on knowledge of the maximum transmission reach aftersingle-channel digital back-propaga‐
tion, for the network studied, the majority of the network connections (75%) are operable
with significant optical signal-to-noise ratio margin when operated with electronic disper‐
sion compensation alone. However, 23% of the links require the use of single-channel DBP
for error free operation. Furthermore, we demonstrate that in this network higher-order
modulation formats are more prone to impairments due to channel nonlinearities and filter
crosstalk; however they are less affected by the bandwidth constrictions associated with
ROADM cascades due to shorter operating distances. Finally, we show that, for any given
modulation order, a minimum filter Gaussian order of ~3 or bandwidth of ~35 GHz enables
the performance with approximately less than 1 dB penalty with respect to ideal rectangular
filters [30].

4.1. Network design

To establish a preliminary estimate of maximum potential transmission distance of each
available format, we employed the transmission reaches identified in Section 3. These are
suitable to enable a BER of 3.8x10-3 at a fixed launch power of -1 dBm assuming the availabil‐
ity of single-channel DBP. These conditions gave maximum reaches of 2,400 km for
PM-16QAM, 640 km for PM-64QAM and 160 km for 256 QAM. Note that only single-channel
DBP was considered in this study since in a realistic mesh network access to neighboring
traffic might be impractical. WDM based DBP solution may be suitable for a point to point
submarine link or for a network connection where wavelengths linking the same nodes co-
propagate using adjacent wavelengths. Implementation of this condition would require DBP
aware routing and wavelength assignment algorithms. This approach could enable signifi‐
cant Qeff improvements or reach increases. For 64QAM, up to 7 dBQeffimprovements were
shown in [29], although the benefit depends on the number of processed channels [31].
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Figure 7. Qeff as a function of launch power of two neighboring channels for 28-Gbaud PM-mQAM, showing perform‐
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256QAM. The launch power per channel for PM-4QAM is fixed to -1 dBm. ROADM spacing of, a) 2400, 640, 160 km, b)
1200, 320, 80 km for 16, 64, 256 QAM, respectively.
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We then applied this link capacity rule to an 8-node route from a Pan-European network
topology (see highlighted link in Figure 8). To generate a representative traffic matrix, for
each node, commencing with London, we allocated traffic demand from the node under
consideration to all of the subsequent nodes, operating the link at the highest order constel‐
lation permissible for the associated transmission distance, and selecting the next wave‐
length. We note that none of the links in this chosen route were suitable for 256QAM,
indeed only the Strasberg to Zurich and Vienna to Prague links are expected to be suitable
for this format.

Figure 8. node Pan-European network topology. Link 1: London-to-Amsterdam: 7 spans, Link 2: Amsterdam-to-Brus‐
sels: 3 spans, Link 3: Brussels-to-Frankfurt: 6 spans. Link 4: Frankfurt-to-Munich: 6 spans, Link 5: Munich-to-Milan: 7
spans, Link 6: Milan-to-Rome: 9 spans, Link 7: Rome-to-Athens: 19 spans. (80 km/span).

Once all nodes were connected by a single link, this process was repeated (in the same or‐
der), adding additional capacity between nodes where an unblocked route was available un‐
til all 20 wavelengths were allocated, and no more traffic could be assigned without
blockage.
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Table 2 illustrates the resultant traffic matrix showing the location where traffic was added
and dropped (gray highlighting) and the order of the modulation format (numbers) carried
wavelength (horizontal index) on each link (vertical index). For example, emerging from
node 6 are nine wavelengths carrying PM-4QAM and 5 wavelengths carrying PM-16QAM
whilst on the center wavelength, PM-16QAM data is transmitted from node 1 (London) to
node 5 (Munich) where this traffic is dropped and replaced with PM-64QAM traffic des‐
tined for node 6 (Milan). This ensured that various nodes were connected by multiple wave‐
lengths. As it can be seen, the adopted procedure allowed for a reasonably meshed optical
network (36 connections) with shortest route of 3 spans and longest path of 57 spans, emu‐
lating a quasi-real traffic scenario with highly heterogeneous traffic. At each node, add-drop
functionality was enabled using a channelized ROADM architecture where all the wave‐
lengths were de-multiplexed and channels were added/dropped, before re-multiplexing the
data signals again. We considered Rectangular and Gaussian-shaped filters for ROADM
stages, and the order of the Gaussian filters was varied from 1 through 6.

X

(λ)
-10 - 9 - 8 - 7 - 6 - 5 -4 -3 -2 - 1 0 + 1 + 2 + 3 + 4 + 5 + 6 + 7 + 8 + 9

Y

(Link)

1 4 16 16 64 4 16 16 4 64 16 16 16 16 4

2 4 16 16 16 64 64 4 16 4 16 16 4 16 4 16 16 16 16 4

3 4 16 16 16 4 16 4 16 4 16 16 4 16 4 16 16 16 64 16 4

4 4 16 4 16 4 16 4 16 4 16 16 4 16 4 16 16 64 16 16 4

5 4 16 4 16 4 16 4 16 4 16 64 4 16 4 4 16 16 4

6 4 4 4 4 4 16 16 4 16 4 4 16 16 4

7 4 4 4 4 4 16 16 4

Table 2. Traffic matrix (Each element represents the modulation order, Grayed: Traffic dropped and added at nodes
highlighted in gray.

4.2. Results and discussions

4.2.1. Nonlinear transmission with ideal ROADMs

Figure 9 depicts the required OSNR of each connection as a function of transmission dis‐
tance, after electronic dispersion compensation. Note that in this case we employed rectan‐
gular ROADM filters to isolate the impact of inter-channel nonlinear impairments from
filtering crosstalk (no cascade penalties were observed with ideal filters).

Numerous conclusions can be ascertained from this figure. First, these results confirm that
with mixed-format traffic and active ROADMs, as the transmission distance is increased the
required OSNR increases irrespective of the modulation order due to channel nonlinearities.
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tined for node 6 (Milan). This ensured that various nodes were connected by multiple wave‐
lengths. As it can be seen, the adopted procedure allowed for a reasonably meshed optical
network (36 connections) with shortest route of 3 spans and longest path of 57 spans, emu‐
lating a quasi-real traffic scenario with highly heterogeneous traffic. At each node, add-drop
functionality was enabled using a channelized ROADM architecture where all the wave‐
lengths were de-multiplexed and channels were added/dropped, before re-multiplexing the
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stages, and the order of the Gaussian filters was varied from 1 through 6.
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4.2.1. Nonlinear transmission with ideal ROADMs

Figure 9 depicts the required OSNR of each connection as a function of transmission dis‐
tance, after electronic dispersion compensation. Note that in this case we employed rectan‐
gular ROADM filters to isolate the impact of inter-channel nonlinear impairments from
filtering crosstalk (no cascade penalties were observed with ideal filters).

Numerous conclusions can be ascertained from this figure. First, these results confirm that
with mixed-format traffic and active ROADMs, as the transmission distance is increased the
required OSNR increases irrespective of the modulation order due to channel nonlinearities.
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Second, as observed by the greater rate of increase in required OSNR with distance, the
higher-order channels are most degraded by channel nonlinearities, even at the shortest dis‐
tance traversed. Furthermore, even for the shortest distances the offset between the theoreti‐
cal OSNR for a linear system and the simulated values are greater for higher order formats.
These two effectsare attributed to the significantly reduced minimum Euclidian distance
which leads to increased sensitivity to nonlinear effects. However, for a system designed ac‐
cording to single-channel DBP propagation limits, as the one studied here, one can observe
that majority of the links operate using EDC alone (except the ones highlighted by up-ar‐
rows). Note that managing the PAPR for such formats through linear pre-dispersion could
further improve the transmission performance, as shown in Section 1.3. Additionally, in or‐
der to examine the available system margin, Figure 9 also shows the received OSNR for var‐
ious configurations, where it can be seen that majority of the links (except 3) have more than
2 dB available margins, and that our numerical results show an excellent match to the theo‐
retical predictions.

Figure 9. Nonlinear tolerance of PM-mQAM in a dynamic mesh network after EDC. a) Colored: OSNR at BER of
3.8x10-3 vs. Distance (Links traversed: 1(square), 2(circle), 3(up-tri), 4(down-tri), 5(left-tri), 6(right-tri), 7(diamond), hori‐
zontal lines (theoretical required OSNR)), open: intermediate nodes, solid: destination nodes. Black: Received OSNR
(black spheres), Line (theoretical received OSNR), Dotted Line (theoretical received OSNR with 5 dB margin). Up arrows
indicate failed connections (corresponding to drop nodes).

As discussed, the results presented in Figure 9 exclude 9 network connections classified as
failed (25% of the total traffic), where the calculated BER was always found to be higher
than the 3.8x10-3. In order to address the failed routes, we employed single-channel DBP, as
shown in [21], on such channels, as shown in Figure 10 (red: simplified, blue: full-precision
40 steps per span).It can be seen that all but one of the links can be restored by using single-
channel DBP, with the Qeffincreasing by an average of ~1 dB, consistent with the improve‐
ments observed for heterogeneous traffic in Section 1.3. The link which continues to give a
BER even after after single-channel DBP is operated with the highest order modulation for‐
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mat studied, and its two nearest neighbors are both highly dispersed. Note that even though
the maximum node lengths are chosen based on nonlinear transmission employing single-
channel DBP, most of the network traffic also abide by the EDC constraints (64QAM: ≥ 1
span, 16QAM: ≥ 6 spans, 4QAM ≥ 24 spans). The failed links have one-to-one correlation
with violation of these EDC constraints, allowing for prediction of DBP requirements with a
quarter of the total network traffic requiring the implementation of single-channel DBP. Al‐
so, note that all but two of the links are operable with less than 15 DBP steps for the whole
link.

Figure 10. Qeff as a function of network nodes for failed routes, shown by up-arrows in Fig. 5, for PM-mQAM in a dy‐
namic mesh network. After EDC (black) and single-channel DBP (red: simplified, blue: full-precision 40 steps per span).
Table shows the network parameters for each scenario and number of steps for single-channel simplified DBP.

These results give some indication of the benefit of flexible formats and DBP. For particular
network studied (assuming one of the two failed links works with high precision DBP), if
homogeneous traffic, employing 4QAM, is considered, a total network capacity of 4-Tb/
scould be achieved. On the other hand, flexible m-ary QAM employing bandwidth alloca‐
tion based on EDC performance limits only (not shown) enables ~60% increase in transmis‐
sion capacity (6.8-Tb/s), while designs accounting for SC-DBP add a further 12% increase in
capacity (7.7-Tb/s). Note that for traffic calculations based on EDC constraints, we assumed
that the routes of Figure 10 would operate satisfactorily for the next format down and that
there would be no increase in the nonlinear penalty experienced by any other channel. Fur‐
ther increase in capacity can be attained if pre-dispersion or limited WDM DBP are used, or
if more format granularity is introduced (e.g. 8QAM and 32QAM) to exploit the remaining
margin. In this example, 25% of transponders operating in single-channel DBP mode enable
a 12% increase in capacity. One may therefore argue that in order to provide a the same in‐
crease in capacity without employing DBP, approximately 12% more channels would be re‐
quired, consuming 12% more energy (assuming that the energy consumption is dominated
by the transponders). In the case studied, since a ¼ of transponders require DBP, breakeven
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would occur if the energy consumption of a DBP transponder was 50% greater than a con‐
ventional transponder. Given that commercial systems allocate approximately 3-5% of their
power to the EDC chipset [32], this suggests that the DBP unit used could be up to 16 times
the complexity of the EDC chip. The results reported in Figure 10 with simplified DBP fall
within this bound and highlight the practicality of simplified DBP algorithms.

Figure 11. Qeff as a function of Gaussian filter order (35 GHz bandwidth) for a 6 dB margin from theoretical achievable
OSNR. a) 4QAM; b) 16QAM; c) 64QAM. (up-arrows indicate that no errors were detected).

4.2.2. Filter order and BW dependence

Figure 11 shows the performance of a selection of links with less than 6 dB margin from the
theoretical achievable OSNR (see Figure 9 for links used, we show only the links with the
worst required OSNR in the case of 16QAM for clarity), as a function of the Gaussian filter
order within each ROADM. As it is well-known, the transmission penalty decreases as filter
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order increases [33]. However, it can be seen that for higher-order modulation formats, the
transmission performance saturates at lower filter orders, compared to lower-order formats.
This trend is related to the fact that modulation formats traversing through greater number
of nodes are more strongly dependent on the Gaussian order (attributed to known penalties
from filter cascades [34,35]). For instance, the performance of 4QAM traffic is severely de‐
graded as a function of Gaussian order, due to the higher number of nodes traversed by
such format. 16QAM channels show relatively good tolerance to filter order due to reduced
number of hops, however when greater than 3 nodes are employed, the performance again
becomes a strong function of filter order. 64QAM is least dependent on filter order since no
intermediate ROADMs are traversed. For any given modulation order, a minimum Gaussi‐
an order of ~3 enables the optimum performance to be within 1 dB of the performance for an
ideal rectangular filter.

Figure 12. Qeff as a function of Gaussian filter bandwidth (and filter order) for worst-case OSNR margin seen in Figure
6.8. a) 4QAM; b) 16QAM; c) 64QAM.

The simulated Qeff versus 3 dB bandwidth of the ROADM stages and filter order is shown in
Figure 12, again for the worst-case required OSNR observed in Figure 9 for each modulation
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format. For lower bandwidths, the Qeff is degraded due to bandwidth constraints. With the
exception of second order filters, bandwidths down to 35 GHz are sufficient for all the for‐
mats studied. However, consistent with previous analysis (in Figure 10), the impact of filter
order on 64QAM is minimal and lower-order filters seem to have better performance than
higher-order ones at 25GHz bandwidth. This is because when the signal bandwidth (28-
GHz) exceeds the filter bandwidth, the lower order filters capture more of the signal spectra.
However, this effect is visible in the case of 64QAM only since no nodes were traversed in
this case, thereby avoiding the penalty from ROADM stages with lower filter orders.

5. Summary and future work

In this chapter we explored the network aspect of advanced physical layer technologies, in‐
cluding multi-level formats employing varying DSP, and solutions were proposed to en‐
hance the capacity of static transport networks. It was demonstrated that that if the order of
QAM is adjusted to maximize the capacity of a given route, there may be a significant deg‐
radation in the transmission performance of existing traffic for a given dynamic network ar‐
chitecture. Such degradations were shown to be correlated to the accumulated peak-to-
average power ratio of the added traffic along a given path, and that management of this
ratio through pre-distortion was proposed to reduce the impact of adjusting the constella‐
tion size on through traffic. Apart from distance constraints, we also explored limitations in
the operational power range of network traffic. The transponders which autonomously se‐
lect a modulation order and launch power to optimize their own performance were reported
to have a severe impact on co-propagating network traffic. A solution was proposed to oper‐
ate the transponders altruistically, offering lower penalties than network controlled fixed
power approach. In the final part of our analysis, the interplay between different higher-or‐
dermodulation channels and the effect of filter shapes and bandwidth of(de)multiplexers on
the transmission performance, in a segment of pan-European optical network was explored.
It was verified that if the link capacities are assigned assuming that digital back propagation
is available, 25% of the network connections fail using electronic dispersion compensation
alone. However, majority of such links can indeed be restored by employing single-channel
digital back-propagation. Our results indicated some benefit of flexible formats and DBP in
realistic mesh networks. We showed that for particular network studied, if homogeneous
traffic, employing 4QAM is considered, a total network capacity of 4 Tb/s can be achieved.
On the other hand, flexible m-ary QAM employing bandwidth allocation based on EDC per‐
formance limits enable ~60% increase in transmission capacity (6.8 Tb/s), while designs ac‐
counting for SC-DBP add a further 12% increase in capacity (7.7 Tb/s). Further enhancement
in network capacity may be obtained through the use of intermediate modulation order, dis‐
persion pre-compensation for nonlinearity control and the use of altruistic launch powers.

In terms of network evolution, the ultimate goal is to enable software-defined transceivers,
where each node would switch itself to just-right modulation scheme and associated DSP,
based on various physical layer, distance, power, and etc. constraints. Modeling of real-time
traffic employing the content covered in this chapter, should motivate and pave the way for
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high capacity upgrade of currently deployed networks. In addition, modulation/DSP aware
routing and wavelength assignment algorithms (e.g. DBP bandwidth aware wavelength al‐
location) would further enhance the transmission capacity.
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1. Introduction

The number of subscribers to broadband services in Japan now exceeds 34 million, and
about 20 million were using fiber-to-the-home (FTTH) services in December 2011 [1]. The
number of optical fiber cables continues to increase as the number of FTTH subscribers in‐
creases; however, unexpected faults have occurred along with this increase. One such fault
is damage caused by wildlife including rodents, insects, and birds [2], and another is that
caused by defective optical fiber connectors [3]. It is very important to detect and investigate
the causes of these faults and to apply correct countermeasures.

The Technical Assistance and Support Center (TASC), Nippon Telegraph and Telephone
(NTT) East Corporation is engaged in technical consultation and the analysis of optical fiber
network faults for the NTT group in Japan and is contributing to eliminating the causes and
reducing the number of faults in the optical fiber facilities of FTTH networks. The TASC has
investigated and reported faults in various fiber connections using refractive index matching
material with wide gaps between fiber ends and faults in fiber connectors with imperfect
physical contact [4-6].

This chapter describes some of the faults with optical fiber connections in FTTH networks that
the TASC has investigated. In addition, it introduces novel countermeasures for dealing with
the faults. The various faults and countermeasures described in this chapter are shown in Fig.
1. First, section 2 briefly reviews a typical FTTH network and various fiber connections in
Japan. Then section 3.1 reports faults with fiber connections that employ refractive index
matching material. These faults have two major causes: One is a wide gap between fiber ends
and the other is incorrectly cleaved fiber ends. Next, section 3.2 describes faults with fiber
connections that employ physical contact (PC). This fault has the potential to occur when
connector endfaces are contaminated. The characteristics of these faults are outlined. Novel
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countermeasures against the above-mentioned faults are introduced in section 4. In section
4.1, a new connection method using solid refractive index matching material is proposed as a
countermeasure against faults caused by a wide gap between fiber ends. In section 4.2, a fiber
optic Fabry-Perot interferometer based sensor is introduced as a way of detecting faults caused
by incorrectly cleaved fiber ends. The sensor mainly uses laser diodes, an optical power meter,
a 3-dB coupler, and an XY lateral adjustment fiber stage. In section 4.3, a novel tool for
inspecting optical fiber ends is proposed as a countermeasure designed to detect faults caused
both by incorrectly cleaved fiber ends and contaminated connector endfaces. The proposed
tool has a simple structure and does not require focal adjustment. It can be used to inspect a
fiber and clearly determine whether it has been cleaved correctly and whether the connector
endfaces are contaminated or scratched. This chapter is summarized in section 5.

Figure 1. Various faults and their countermeasures dealt with in this chapter

2. Fiber-to-the-home network and various fiber connections

Figure 2  shows the configuration of  a  typical  FTTH network in Japan,  which is  mainly
composed of  an  optical  line  terminal  (OLT)  in  a  central  office,  underground and aerial
optical  fiber  cables,  and an optical  network unit  (ONU) inside  a  customer’s  home.  The
network requires various fiber connections at the central office, outdoors, and in homes.
With the aerial and home-sited fiber connections in particular, field installable connectors
or mechanical splices are used to make it possible to employ the most suitable wiring for
the aerial  condition and room arrangement.  Field assembly (FA) termination connectors
and field assembly small  (FAS) connectors are types of field installable connectors [7-8].
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In  contrast,  manufactured physical  contact  (PC)-type  connectors,  such  as  miniature-unit
coupling optical fiber (MU) and single fiber coupling optical fiber (SC) connectors [9-10],
are used in central offices and homes. These connectors require more frequent reconnec‐
tion than field installable connectors.

Figure 2. Typical FTTH network and various fiber connections

Figure 3(a) shows the basic structure of a PC-type connector, 3(b) shows that of a mechanical
splice and 3(c) shows that of a field installable connector. With PC-type connectors, two ferrules
are aligned in an alignment sleeve and connected using compressive force. Normally, two fiber
ends in ferrules are connected without a gap and without offset or tilt misalignment. A
mechanical splice is suitable for joining optical fibers simply in the field. It consists of a base
with a V-groove guide, three coupling plates, and a clamp spring. When a wedge is inserted
between the plates and the base, optical fibers can be inserted though the V-groove guide to
connect and fix them in position by releasing the wedge between the plates and base [11].
Refractive index matching material is used to reduce Fresnel reflection. This connection
procedure requires no electricity.

A field installable connector is composed of three main parts, a polished ferrule containing a
short optical fiber (built-in optical fiber), a mechanical splicer, and a clamp. This connector
holds the optical fiber drop cable or indoor cable sheath. To assemble the connection, the optical
fiber end is cleaved and connected to the built-in optical fiber using a mechanical splice, and
the cable sheath is fixed in the clamp. The structure allows connection to another optical fiber
connector in the field. In addition, the field installable connector is fabricated based on the
above-mentioned mechanical splice technique; therefore, the connection can be assembled
without the use of special tools or electricity.
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countermeasures against the above-mentioned faults are introduced in section 4. In section
4.1, a new connection method using solid refractive index matching material is proposed as a
countermeasure against faults caused by a wide gap between fiber ends. In section 4.2, a fiber
optic Fabry-Perot interferometer based sensor is introduced as a way of detecting faults caused
by incorrectly cleaved fiber ends. The sensor mainly uses laser diodes, an optical power meter,
a 3-dB coupler, and an XY lateral adjustment fiber stage. In section 4.3, a novel tool for
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both by incorrectly cleaved fiber ends and contaminated connector endfaces. The proposed
tool has a simple structure and does not require focal adjustment. It can be used to inspect a
fiber and clearly determine whether it has been cleaved correctly and whether the connector
endfaces are contaminated or scratched. This chapter is summarized in section 5.

Figure 1. Various faults and their countermeasures dealt with in this chapter
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In  contrast,  manufactured physical  contact  (PC)-type  connectors,  such  as  miniature-unit
coupling optical fiber (MU) and single fiber coupling optical fiber (SC) connectors [9-10],
are used in central offices and homes. These connectors require more frequent reconnec‐
tion than field installable connectors.

Figure 2. Typical FTTH network and various fiber connections
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Refractive index matching material is used to reduce Fresnel reflection. This connection
procedure requires no electricity.

A field installable connector is composed of three main parts, a polished ferrule containing a
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holds the optical fiber drop cable or indoor cable sheath. To assemble the connection, the optical
fiber end is cleaved and connected to the built-in optical fiber using a mechanical splice, and
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connector in the field. In addition, the field installable connector is fabricated based on the
above-mentioned mechanical splice technique; therefore, the connection can be assembled
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Figure 3. Basic structures of physical contact type connector, (b) mechanical splice, and (c) field installable connector

Both the mechanical splice and the field installable connector use the same fiber end prepara‐
tion process before fiber installation. Figure 4 shows the fiber end preparation procedures. The
coating of a fiber is stripped. Then the stripped fiber (bare fiber) is cleaned with alcohol, cut
with a cleaver, inserted into the mechanical splice or the splicer inside a field installable
connector, and joined to the opposite fiber or built-in fiber. Finally, the inserted fibers are fixed
in position with a clamp. Stripping, cleaning, and cutting are important for successful fiber
connection (to provide good performance) in the field. If any of these procedures are not
conducted correctly, the performance of the fiber connection might deteriorate.

3. Faults with optical fiber connections

This section reports some of the faults with optical fiber connections in FTTH networks that
the TASC has investigated. First, faults related to fiber connection using refractive index
matching material are reported in section 3.1. Faults involving PC fiber connection are
described in section 3.2.
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Figure 4. Optical fiber end preparation procedure

3.1. Fiber connection with refractive index matching material

There are two major causes of faults related to fiber connection using refractive index matching
material: one is a wide gap between fiber ends and the other is an incorrectly cleaved fiber
end. Figure 5 shows three connection models using refractive index matching material; (a)
shows the normal connection state with a narrow gap between flat fiber ends, (b) shows an
abnormal connection state with a wide gap between flat fiber ends, and (c) shows an abnormal
state with an incorrectly cleaved (uneven) fiber end. With the normal connection (a), there is
a very narrow (sub-micron) gap between the fiber ends because a normal fiber end is not
completely flat. The very narrow gap is filled with silicone oil compound, which is used as the
refractive index matching material in a normal connection. In the abnormal connection state
(b) there is a very wide gap between the flat fiber ends, and the gap is not filled with refractive
index matching material but is a mixed state consisting of refractive index matching material
and air. In the abnormal connection state (c) there is a wide gap between flat and incorrectly
cleaved (uneven) fiber ends. However, the gap between the fiber ends is filled with matching
material.

The optical performance of various fiber connections using refractive index matching material
was investigated experimentally. Wide gaps were formed between flat fiber ends by using MT
connectors [12] and feeler gauges. A feeler gauge (thickness gauge tape) was installed and
fixed in place between the two MT ferrules of a connector with a certain gap size by using a
clamp spring. By changing the thickness of the feeler gauge, gaps of various sizes were
obtained [13]. In contrast, incorrectly cleaved fiber ends were intentionally formed by adjusting
the fiber cleaver so that the bend radius would be too small [14]. The cracks in these incorrectly
cleaved fiber ends were from 30 to 200 μm in the axial direction. Using these incorrectly cleaved
fiber ends, we fabricated field installable connectors as experimental samples. The fabricated
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Figure 4. Optical fiber end preparation procedure

3.1. Fiber connection with refractive index matching material
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abnormal connection state with a wide gap between flat fiber ends, and (c) shows an abnormal
state with an incorrectly cleaved (uneven) fiber end. With the normal connection (a), there is
a very narrow (sub-micron) gap between the fiber ends because a normal fiber end is not
completely flat. The very narrow gap is filled with silicone oil compound, which is used as the
refractive index matching material in a normal connection. In the abnormal connection state
(b) there is a very wide gap between the flat fiber ends, and the gap is not filled with refractive
index matching material but is a mixed state consisting of refractive index matching material
and air. In the abnormal connection state (c) there is a wide gap between flat and incorrectly
cleaved (uneven) fiber ends. However, the gap between the fiber ends is filled with matching
material.

The optical performance of various fiber connections using refractive index matching material
was investigated experimentally. Wide gaps were formed between flat fiber ends by using MT
connectors [12] and feeler gauges. A feeler gauge (thickness gauge tape) was installed and
fixed in place between the two MT ferrules of a connector with a certain gap size by using a
clamp spring. By changing the thickness of the feeler gauge, gaps of various sizes were
obtained [13]. In contrast, incorrectly cleaved fiber ends were intentionally formed by adjusting
the fiber cleaver so that the bend radius would be too small [14]. The cracks in these incorrectly
cleaved fiber ends were from 30 to 200 μm in the axial direction. Using these incorrectly cleaved
fiber ends, we fabricated field installable connectors as experimental samples. The fabricated
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MT connector with a feeler gauge and field installable connector samples were subjected to a
heat-cycle test in accordance with IEC 61300-2-22 (-40 to 70°C, 10 cycles, 6 h/cycle) to simulate
conditions in the field. The insertion and return losses were measured.

Figure 5. Fiber connection models using refractive index matching material: (a) normal connection with narrow gap
between flat fiber ends, (b) abnormal connection with wide gap between flat fiber ends, and (c) abnormal connection
with an incorrectly cleaved (uneven) fiber end

The insertion and return losses of an abnormal connection sample with a wide gap between
flat fiber ends are shown in Fig. 6. The optical performance changed and was unstable. The
insertion loss was initially 2.7 dB and then varied when the temperature changed. The
maximum insertion loss exceeded 30 dB. The return losses also varied from 20 dB to more than
60 dB. This performance deterioration is thought to be caused by the mixture of refractive index
matching material and air-filled gaps between the fiber ends in the MT connector sample.
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Refractive index matching material moved in the gap when the temperature changed, and the
mixed state change of the refractive index matching material and the air between the fiber ends
induced the change in optical performance. When there is a mixed state consisting of refractive
index matching material and air between the fiber ends, the boundary between the refractive
index matching material and air could be uneven. In this state, the transmitted light spread
randomly in every direction at the boundary. Therefore, the insertion loss increased to more
than 30 dB. Consequently, the optical performance of fiber connections with a wide gap
between flat fiber ends might be extremely unstable and vary widely. Therefore, it is important
to prevent the gap from becoming wider and avoid mixing air with the refractive index
matching material in the gap between fiber ends for these fiber connections.

Figure 6. Heat-cycle test results for fiber connection with wide gap between flat fiber ends

The insertion and return losses of an abnormal connection sample with an incorrectly cleaved
(uneven) fiber end also changed greatly and were unstable. Figure 7 shows a scatter diagram
plotted from the measured insertion and return loss values to enable the values to be easily
and simultaneously understood. The horizontal lines indicate insertion loss and the vertical
lines indicate return loss. The scatter diagram plots minute insertion and return losses that
occurred during the heat cycle test. There are both huge vertical and horizontal fluctuations
in the plotted data in Fig. 7. The insertion and return loss values changed periodically during
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temperature cycles. The initial insertion loss was low at about 1 dB and the initial return loss
was high at more than 40 dB. The insertion loss increased greatly and then the return loss
decreased as the temperature changed. At worst, the insertion loss changed to 43 dB and the
return loss changed to 28 dB.

Figure 7. Scatter diagrams of results from heat cycle test for fiber connection with an incorrectly cleaved (uneven)
fiber end

The great changes in the insertion and return losses are also attributed to a partially air-filled
gap. The gap was not completely filled with refractive index matching material and thus
consisted of a mixed state of refractive index matching material and air because of the
incorrectly cleaved fiber ends. The boundary between the refractive index matching material
and air could be uneven. The transmitted light in this state spread randomly in every direction
at the boundary. Therefore, the insertion and return losses became much worse. When the gap
was filled with refractive index matching material and there was no air, the optical perform‐
ance was not so bad. When the gap was a mixed state of refractive index matching material
and air, the optical performance deteriorated. The connection state is thought to vary with
temperature. These results suggest that the insertion and return losses of fiber connections
using incorrectly cleaved fiber ends might change to, at worst, more than 40 dB for the former
and less than 30 dB for the latter. Consequently, it is important to prevent gaps between the
correctly and incorrectly cleaved ends of fiber connections from becoming wider, and air from
mixing with the refractive index matching material in the gaps. Therefore, incorrectly cleaved
fiber ends must not be used. An effective countermeasure is to check the fiber ends cleaved
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with fiber cleavers. Reference [6] is recommended to those readers requiring a more detailed
analysis of these abnormal connection states.

3.2. Physical Contact (PC) type connector

This section discusses the deterioration in optical performance caused by the contamination
of manufactured physical contact (PC)-type connectors. It has been reported that contamina‐
tion on a PC-type connector may significantly degrade the performance of mated connectors
[15-17]. In this report, contamination was found on the connector endface and the sides of the
connector ferrule. To study the effect of contamination on the optical performance of mated
connectors, various connection conditions for PC-type connectors in abnormal states are
discussed. The abnormal connection conditions are shown in Fig. 8. With PC-type connectors,
two ferrules are aligned in an alignment sleeve and connected using compressive force.
Normally, two fiber ends in ferrules are connected without a gap and without offset or tilt
misalignment. However, if contamination is present, the connection state might become
abnormal. An abnormal state can be induced by four conditions: (A) light-blocking caused by
contamination on the fiber core, (B) an air-filled gap caused by contamination, (C) tilt mis‐
alignment caused by contamination, and (D) offset misalignment caused by contamination.
Conditions (A) to (C) are caused by contamination on the ferrule endface. Conditions (C) and
(D) are caused by contamination on the side of the ferrule. The performance deterioration
caused by contamination (abnormal state) is calculated using the ratio of core contamination
coverage and the Marcuse equations [18]. Figure 9 shows the individual calculated insertion
losses for the four abnormal conditions. In condition (A), as the core contamination coverage
ratio increases, the insertion loss increases. When the ratios are 0.5 and 0.8, the insertion losses
are 3 and 7 dB, respectively. This connection condition could degrade the return loss due to
the difference between the refractive indices of the fiber core and contamination. Condition
(B) may be caused by contamination on the ferrule endface or fiber cladding. As the gap width
becomes larger, the calculated insertion loss increases. The insertion loss caused by an air-filled
gap is dependent on wavelength. When the wavelengths are 1.31 and 1.55 μm, the insertion
losses of a 50-μm gap are 1.0 and 0.4 dB, respectively. This connection condition could also
degrade the return loss caused by the difference in the refractive index between the fiber core
and air [19]. Condition (C) may be caused by contamination on the edge of the ferrule endface
and on the side of the ferrule. As the tilt angle increases, the calculated insertion loss increases.
The insertion loss caused by tilt misalignment is dependent on wavelength. When the
wavelengths are 1.31 and 1.55 μm, the insertion losses for a 3º misalignment angle are 1.4 and
1.3 dB, respectively. This connection condition might also have a detrimental effect on the
return loss due to the difference between the refractive indices of the fiber core and air.
Condition (D) may be caused by contamination on the side of the ferrule. When the offset is
larger, the calculated insertion loss is higher. The insertion loss caused by offset misalignment
is also dependent on wavelength. When the wavelengths are 1.31 and 1.55 μm, the insertion
losses of a 3-μm offset are 1.9 and 1.5 dB, respectively. Current PC-type connectors usually
have a small clearance between the outer diameter of the ferrule and inner diameter of the
alignment sleeve. Therefore, the offset and tilt angle cannot be so large that the insertion losses

Faults and Novel Countermeasures for Optical Fiber Connections in Fiber-To-The-Home Networks
http://dx.doi.org/10.5772/54241

51



temperature cycles. The initial insertion loss was low at about 1 dB and the initial return loss
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decreased as the temperature changed. At worst, the insertion loss changed to 43 dB and the
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become low. Conditions (A) and (B), which are caused by contamination on the fiber and
ferrule endfaces, are thought to mainly affect the optical performance of connectors.

Figure 8. Abnormal connection states for PC type connector with contamination

Faults with PC-type connectors caused by contamination were investigated experimentally.
Figure 10 shows examples of the investigated connectors. Figure 10 (a) is a normal sample (no
contamination on the connector ferrule endface), and (b) to (e) are samples with contamination
on the connector ferrule endface. The insertion losses at 1.31 and 1.55 μm were both 0.1 dB and
the return loss at 1.55 μm was 58 dB for the uncontaminated sample. This optical performance
is good and satisfies the required specifications for an SC connector. However, with the
contaminated ferrule endfaces of samples (b) to (d), the insertion losses varied and exceeded
0.5 dB. The return losses were less than 40 dB. This optical performance does not satisfy the
specifications for an SC connector. The losses with samples (b) and (c) are thought to be due
to condition (A), and the loss with sample (d) is thought to be due to condition (B). With
contamination sample (e), the optical performance was not bad and satisfied the SC connector
specifications. Consequently, if there is contamination on a PC-type connector, the perform‐
ance might deteriorate. An effective countermeasure against the loss increase caused by
contamination is to inspect the PC-type connector endface prior to connection. When the
connector endface is contaminated it must be cleaned with a special cleaner [20]. The coun‐
termeasures against connector endface contamination and incorrect cleaving are effective in
reducing connector faults.
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Figure 9. Calculated insertion loss, (A) cover ratio of contamination to fiber core, (B) caused by air-filled gap, (C)
caused by tilt, and (D) caused by offset

4. Novel countermeasures

This section introduces novel countermeasures designed to deal with the faults described

above. In section 4.1, a new connection method using solid refractive index matching material

is proposed as a way of dealing faults caused by wide gaps between fiber ends. In section 4.2,

a fiber optic Fabry-Perot interferometer based sensor is introduced as a countermeasure

designed to prevent faults caused by incorrectly cleaved fiber ends. In section 4.3, a novel tool

for inspecting optical fiber ends is proposed as a technique for detecting both faults caused by

incorrectly cleaved fiber ends and those caused by contaminated connector endfaces.
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Figure 10. Examples of contamination on connector endface, (a) uncontaminated connector endface, and (b-e) differ‐
ent contaminations on connector endface

4.1. New connection method using solid refractive index matching material

The  optical  performance  of  fiber  connections  with  a  wide  gap  between  flat  fiber  ends
might  be  extremely  unstable  and vary  widely.  This  performance  deterioration  may not
occur immediately after  installation but intermittently over time.  In the event  of  an un‐
usual fault, it is difficult to find the defective connection, and it takes long time to repair
the fault.  Therefore,  it  is  important  to prevent the gap between fiber ends from becom‐
ing wider in joints that employ refractive index matching material.  A novel optical fiber
connection method that uses a solid resin as refractive index matching material has been
proposed [21].  The  new connection  method provides  a  high  insertion  loss  that  exceeds
the loss budget  between network devices when there is  a  wide gap between fiber ends
(defective connection) and a suitable low insertion loss when the gap is less than a par‐
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ticular width (normal connection). The experimental optical performance of the proposed
connection method is also discussed in this section.

The following two points are important as regards the new refractive index matching material.

i. An elastic solid resin must be used that has almost the same refractive index as the
fiber core.

ii. Refractive index matching material with a particular width should be inserted
between fiber ends (A and B) and tilted at a special tilt angle to the optical axis of the
fiber.

The refractive index matching material must maintain its shape; therefore, a solid resin is used
since the connection state cannot be easily changed. Figure 11(a) and (b) show the principles
of this connection method. The incident light is refracted at the boundary surface of the
refractive index matching material when the fiber ends do not touch it (there is a wide gap
between the fiber ends, as shown in Fig. 11(a)). In this case, there is a high insertion loss because
of the offset misalignment. In contrast, the incident light will travel straight into the refractive
index matching material when it is touched by both fiber ends (the gap between the fiber ends
is less than a particular width, as shown in Fig. 11(b)). The insertion loss in Fig. 11(b) is much
lower than that in Fig. 11(a).

Figure 11. Proposed connection method: (a) fiber ends do not touch matching material, and (b) fiber ends touch
matching material

A connection method using solid refractive index matching material based on the above-
mentioned considerations was designed and used in the following procedure.

First, a target low insertion loss was set when the gap was narrower than a particular width d
and then the particular width of the solid matching material on the optical axis of the fiber was
determined.

Then the target high insertion loss was set when the gap was a wider than a particular width
d and a special tilt angle θ was determined for the solid refractive index matching material.
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Figure 10. Examples of contamination on connector endface, (a) uncontaminated connector endface, and (b-e) differ‐
ent contaminations on connector endface

4.1. New connection method using solid refractive index matching material

The  optical  performance  of  fiber  connections  with  a  wide  gap  between  flat  fiber  ends
might  be  extremely  unstable  and vary  widely.  This  performance  deterioration  may not
occur immediately after  installation but intermittently over time.  In the event  of  an un‐
usual fault, it is difficult to find the defective connection, and it takes long time to repair
the fault.  Therefore,  it  is  important  to prevent the gap between fiber ends from becom‐
ing wider in joints that employ refractive index matching material.  A novel optical fiber
connection method that uses a solid resin as refractive index matching material has been
proposed [21].  The  new connection  method provides  a  high  insertion  loss  that  exceeds
the loss budget  between network devices when there is  a  wide gap between fiber ends
(defective connection) and a suitable low insertion loss when the gap is less than a par‐
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ticular width (normal connection). The experimental optical performance of the proposed
connection method is also discussed in this section.
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fiber core.

ii. Refractive index matching material with a particular width should be inserted
between fiber ends (A and B) and tilted at a special tilt angle to the optical axis of the
fiber.

The refractive index matching material must maintain its shape; therefore, a solid resin is used
since the connection state cannot be easily changed. Figure 11(a) and (b) show the principles
of this connection method. The incident light is refracted at the boundary surface of the
refractive index matching material when the fiber ends do not touch it (there is a wide gap
between the fiber ends, as shown in Fig. 11(a)). In this case, there is a high insertion loss because
of the offset misalignment. In contrast, the incident light will travel straight into the refractive
index matching material when it is touched by both fiber ends (the gap between the fiber ends
is less than a particular width, as shown in Fig. 11(b)). The insertion loss in Fig. 11(b) is much
lower than that in Fig. 11(a).

Figure 11. Proposed connection method: (a) fiber ends do not touch matching material, and (b) fiber ends touch
matching material

A connection method using solid refractive index matching material based on the above-
mentioned considerations was designed and used in the following procedure.

First, a target low insertion loss was set when the gap was narrower than a particular width d
and then the particular width of the solid matching material on the optical axis of the fiber was
determined.

Then the target high insertion loss was set when the gap was a wider than a particular width
d and a special tilt angle θ was determined for the solid refractive index matching material.
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Figure 12. Composition of experimental conditions: (a) V-grooved substrate and sample, (b) fiber A does not touch
sample, (c) fiber A just touches sample, and (d) fiber A is close to fiber B and very narrow gap is filled with sample

In step 1, the insertion loss caused by the gap between the fiber ends was calculated by using
a Marcuse equation [18]. The insertion loss should be less than 0.5 dB to satisfy the mechanical
splice specifications. However, when the insertion loss was 0.5 dB, d was 60 μm, which was
too small to handle the refractive index matching material. Therefore, the target d was doubled
to 120 μm. The insertion loss then became 2 dB.

In step 2, the insertion loss caused by the misalignment of the offset was calculated by using
another Marcuse equation [3]. Another target insertion loss of 20 dB was determined in order
to exceed the loss budget between network devices. The insertion loss became 20 dB when θ
was 16°.

A sample made of the solid refractive index matching material (silicone resin) was fabricated
based on the above parameters. Experiments were carried out with mechanical splices and
samples of solid matching material. A groove was dug with the same shape as the sample, and
the sample was tilted at 16° to the optical axis of the fiber, as shown in Fig. 12(a). A state was
maintained whereby fiber end B always touched the sample, and fiber end A gradually moved
toward the sample (Fig. 12(b)-(d)). The insertion and return losses were measured for different
gap widths. Figure 12(b) shows the state in which fiber end A did not touch the sample. Figure
12(c) shows the state where fiber end A just touched the sample, and fiber end A was close to
fiber end B, and Fig. 12(d) shows the state where the very narrow gap between the fiber ends
was filled by the sample.

Figure 13(a) and (b) show the insertion and return loss results at wavelengths of 1.31 and 1.55
μm, respectively. When fiber end A did not touch the sample, the insertion loss always
exceeded 20 dB. Moreover, the return losses were constant at 15 dB. When fiber end A just
touched the sample, the insertion losses decreased to 2.5 and 2.3 dB, and the return losses
increased to 51.7 and 48.6 dB at wavelengths of 1.31 and 1.55 μm, respectively. In addition,
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when fiber end A was close to fiber end B and the very narrow gap between fiber ends was
filled by the sample, both insertion losses decreased to around 0.1 dB, and the return losses
were 53.4 and 45.5 dB at wavelengths of 1.31 and 1.55 μm, respectively. These experimental
results were consistent with the target values based on the design. If there is a defective
connection that has a wide gap, the insertion loss can always be extremely high. In this case,
communication services may be immobilized. With the connection method, engineers can
detect the defective connection immediately after installation.

Consequently, a new connection method using solid refractive index matching material is
proposed as a countermeasure against faults caused by a wide gap between fiber ends. This
connection method can provide insertion losses of more than 20 dB or less than 2 dB, respec‐
tively, when the gap between the fiber ends is more or less than 120 μm.

4.2. Fiber optic fabry-perot interferometer based sensor

Field installable connections that have incorrectly cleaved fiber ends might lead to insertion
losses of more than 40 dB induced by temperature changes, which may eventually result in
faults in the optical networks. Therefore, it is important to use correctly cleaved fiber ends to
prevent network failures caused by improper optical fiber connections. This means that we
need a technique for inspecting cleaved optical fiber ends.

Cleaved optical fiber ends are usually inspected before fusion splicing with a CCD camera and
a video monitor installed in fusion splice machines [22]. On the other hand, cleaved optical
fiber ends are not usually inspected when mechanical splices and field installable connectors
are assembled. These connections are easy to assemble and does not require electric power.
Therefore, an inspection method is needed for these connections. A fiber optic Fabry-Perot
interferometer based sensor for inspecting cleaved optical fiber ends has been proposed
[23-24].

The basic concept of the proposed sensor for inspecting cleaved optical fiber ends is shown in
Fig. 14. Figure 14(a) and (b), respectively, show fiber connections in which a fiber with a
flattened end for detection is used in the inspection of incorrectly cleaved (uneven) and
correctly cleaved (flat) fiber ends. The ratio of the reflected light power (Pr or Pr’) to the incident
light power (Pi or Pi’) within each connection is measured. Two optical fibers are connected
with an air gap S remaining between them. Misalignments of the offset and tilt between the
fibers and the mode field mismatch are not taken into account. Under both conditions, Fresnel
reflections occur at the fiber ends because of refractive discontinuity. In Fig. 14(a), the reflected
light from the uneven end spreads in every direction, and the back-reflection efficiency ratio,
Pr/Pi, is determined using the Fresnel reflection at the fiber end for detection in air. The Fresnel
reflection R0 is defined by the following equation.
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toward the sample (Fig. 12(b)-(d)). The insertion and return losses were measured for different
gap widths. Figure 12(b) shows the state in which fiber end A did not touch the sample. Figure
12(c) shows the state where fiber end A just touched the sample, and fiber end A was close to
fiber end B, and Fig. 12(d) shows the state where the very narrow gap between the fiber ends
was filled by the sample.

Figure 13(a) and (b) show the insertion and return loss results at wavelengths of 1.31 and 1.55
μm, respectively. When fiber end A did not touch the sample, the insertion loss always
exceeded 20 dB. Moreover, the return losses were constant at 15 dB. When fiber end A just
touched the sample, the insertion losses decreased to 2.5 and 2.3 dB, and the return losses
increased to 51.7 and 48.6 dB at wavelengths of 1.31 and 1.55 μm, respectively. In addition,

Current Developments in Optical Fiber Technology56

when fiber end A was close to fiber end B and the very narrow gap between fiber ends was
filled by the sample, both insertion losses decreased to around 0.1 dB, and the return losses
were 53.4 and 45.5 dB at wavelengths of 1.31 and 1.55 μm, respectively. These experimental
results were consistent with the target values based on the design. If there is a defective
connection that has a wide gap, the insertion loss can always be extremely high. In this case,
communication services may be immobilized. With the connection method, engineers can
detect the defective connection immediately after installation.

Consequently, a new connection method using solid refractive index matching material is
proposed as a countermeasure against faults caused by a wide gap between fiber ends. This
connection method can provide insertion losses of more than 20 dB or less than 2 dB, respec‐
tively, when the gap between the fiber ends is more or less than 120 μm.

4.2. Fiber optic fabry-perot interferometer based sensor

Field installable connections that have incorrectly cleaved fiber ends might lead to insertion
losses of more than 40 dB induced by temperature changes, which may eventually result in
faults in the optical networks. Therefore, it is important to use correctly cleaved fiber ends to
prevent network failures caused by improper optical fiber connections. This means that we
need a technique for inspecting cleaved optical fiber ends.

Cleaved optical fiber ends are usually inspected before fusion splicing with a CCD camera and
a video monitor installed in fusion splice machines [22]. On the other hand, cleaved optical
fiber ends are not usually inspected when mechanical splices and field installable connectors
are assembled. These connections are easy to assemble and does not require electric power.
Therefore, an inspection method is needed for these connections. A fiber optic Fabry-Perot
interferometer based sensor for inspecting cleaved optical fiber ends has been proposed
[23-24].

The basic concept of the proposed sensor for inspecting cleaved optical fiber ends is shown in
Fig. 14. Figure 14(a) and (b), respectively, show fiber connections in which a fiber with a
flattened end for detection is used in the inspection of incorrectly cleaved (uneven) and
correctly cleaved (flat) fiber ends. The ratio of the reflected light power (Pr or Pr’) to the incident
light power (Pi or Pi’) within each connection is measured. Two optical fibers are connected
with an air gap S remaining between them. Misalignments of the offset and tilt between the
fibers and the mode field mismatch are not taken into account. Under both conditions, Fresnel
reflections occur at the fiber ends because of refractive discontinuity. In Fig. 14(a), the reflected
light from the uneven end spreads in every direction, and the back-reflection efficiency ratio,
Pr/Pi, is determined using the Fresnel reflection at the fiber end for detection in air. The Fresnel
reflection R0 is defined by the following equation.
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Figure 13. Results of (a) insertion loss and (b) return loss

Figure 14. Basic concept of proposed sensor: (a) inspecting uneven fiber end, and (b) inspecting flat fiber end
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Here n1 and n denote the refractive indices of the fiber core and air, respectively.

In Fig. 14(b), some of the incident light is multiply reflected in the gap. The phase of the multiply
reflected light changes whenever it is reflected, which interferes with the back-reflected light
at the optical fiber connection. These multiple reflections between fiber ends are considered to
behave like a Fabry-Perot interferometer [25-27]. Two flat fiber ends make up a Fabry-Perot
interferometer. Based on the model, the returned efficiency R (= Pr’/Pi’) is defined by the
following equation.
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Figure 15. Return losses from uneven (dashed line) and flat (solid line) fiber ends

The return losses in dB are derived by multiplying the log of the reflection functions by -10.
Here S and λ denote the gap size and wavelength, respectively. According to Equation (2), the
return loss depends on S and λ. Figure 15 shows the calculated return losses from the uneven
(incorrectly cleaved) and flat (correctly cleaved) fiber ends. The dashed and solid lines in the
figure represent the calculations for the uneven and flat ends based on Equations (1) and (2),
respectively. Here, the refractive indices n1 and n were 1.454 and 1.0, and the gap size used for
Equation (2) was 10 μm. The return losses of the uneven end were independent of wavelength
and had a constant value of 14.7 dB. The return losses of the flat end varied greatly and
periodically and resulted in a worst value of ~8.7 dB because of the Fabry-Perot interference.
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interferometer. Based on the model, the returned efficiency R (= Pr’/Pi’) is defined by the
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return loss depends on S and λ. Figure 15 shows the calculated return losses from the uneven
(incorrectly cleaved) and flat (correctly cleaved) fiber ends. The dashed and solid lines in the
figure represent the calculations for the uneven and flat ends based on Equations (1) and (2),
respectively. Here, the refractive indices n1 and n were 1.454 and 1.0, and the gap size used for
Equation (2) was 10 μm. The return losses of the uneven end were independent of wavelength
and had a constant value of 14.7 dB. The return losses of the flat end varied greatly and
periodically and resulted in a worst value of ~8.7 dB because of the Fabry-Perot interference.
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The return loss values at wavelengths of 1.31 and 1.55 μm were 11.2 and 18.9 dB, respectively.
Even if the gap size and wavelength period were changed, the return losses varied as greatly
as the values at a 10-μm gap [28]. These results indicate that an inspected fiber end can be
considered uneven or flat depending on whether or not the measured return losses from the
fiber end at two wavelengths are both ~14.7 dB.

Figure 16. Experimental setup including fiber stage

Based on the above principle, we have designed the inspection sensor shown in Fig. 16. This
sensor is composed of two light sources emitting at different wavelengths, an optical power
meter, an optical coupler, and a fiber stage. In this proposed sensor, one light source is turned
on and the other is turned off. The return loss values are measured separately at two wave‐
lengths. The fiber stage is the most important component because a Fabry-Perot interferometer
must be created in it by the fiber for detection and the fiber under test. The other equipment
can be adapted from commercially available devices. Therefore, we fabricated a new fiber stage
with the following characteristics to implement the proposed technique, as shown in Fig. 17.
The dimensions of the fabricated fiber stage are 90 x 100 x 110 mm, which is small enough to
be portable in the field. It is also suitable for operation in an outside environment because it
does not require a power source. Manual driving was adopted for moving the fiber ends. Two
V-grooves for the alignment of two fiber ends were used to create a Fabry–Perot interferometer.
These two V-grooves were originally one V-groove that was divided into two. By using the
same V-groove for alignment, any tilting of the two fibers along their Z-axes can be reduced.
The X- and Y-axes for the scanning direction of the fiber ends were chosen from several
alternatives, the direction of the radius, spirally, or with one stroke, due to the streamlining of
the fiber stage mechanism. The minimum distance the V-groove can move was designed to be
10 μm along both the X- and Y-axes. The stage was designed to move along both the X- and
Y-axes to a maximum distance of 250 μm to cover the entire end of 125-μm-diameter fibers.
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Two levers are provided for manually operating only the left V-groove. The left lever moves
the left V-groove along the Y-axis at 10 μm per pitch up to a maximum distance of 250 μm.
Similarly, the right lever moves the left V-groove along the X-axis at 10 μm per pitch up to a
maximum distance of 250 μm.

Figure 17. Fabricated fiber stage

In the experiments, the gap between the fiber for detection and the fiber under test was set at
40 μm, and each scanning distance was set at 10 μm. Typical experimental results are shown
in Fig. 18. In the figure, (a) and (c) show the flat parts of the inspected fiber end found using
the proposed inspection sensor and (b) and (d) show SEM images of the flat end. The fiber
ends seen in Fig. 18(a) and (c) were found to be correctly and incorrectly cleaved, respectively.
The experimental image with a correctly cleaved fiber end shows that the flat parts form a
circle with a diameter of about 140 μm, which is slightly larger than the actual 125-μm-diameter
fiber end. This is because the mode field area of light may radiate from the fiber end for
detection. In contrast, the experimental results for the incorrectly cleaved fiber end show that
half the fiber end parts are flat and half are uneven. The results obtained with the proposed
inspection method and those obtained by SEM observation are in good agreement.

The above results show that the proposed sensor made it possible to determine accurately
whether the fiber ends were correctly or incorrectly cleaved for all the samples examined. Since
the proposed sensor for cleaved optical fiber ends is based on the Fabry-Perot interferometer
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be portable in the field. It is also suitable for operation in an outside environment because it
does not require a power source. Manual driving was adopted for moving the fiber ends. Two
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the fiber stage mechanism. The minimum distance the V-groove can move was designed to be
10 μm along both the X- and Y-axes. The stage was designed to move along both the X- and
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Similarly, the right lever moves the left V-groove along the X-axis at 10 μm per pitch up to a
maximum distance of 250 μm.
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In the experiments, the gap between the fiber for detection and the fiber under test was set at
40 μm, and each scanning distance was set at 10 μm. Typical experimental results are shown
in Fig. 18. In the figure, (a) and (c) show the flat parts of the inspected fiber end found using
the proposed inspection sensor and (b) and (d) show SEM images of the flat end. The fiber
ends seen in Fig. 18(a) and (c) were found to be correctly and incorrectly cleaved, respectively.
The experimental image with a correctly cleaved fiber end shows that the flat parts form a
circle with a diameter of about 140 μm, which is slightly larger than the actual 125-μm-diameter
fiber end. This is because the mode field area of light may radiate from the fiber end for
detection. In contrast, the experimental results for the incorrectly cleaved fiber end show that
half the fiber end parts are flat and half are uneven. The results obtained with the proposed
inspection method and those obtained by SEM observation are in good agreement.

The above results show that the proposed sensor made it possible to determine accurately
whether the fiber ends were correctly or incorrectly cleaved for all the samples examined. Since
the proposed sensor for cleaved optical fiber ends is based on the Fabry-Perot interferometer
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and a new fiber stage, it allows us to determine whether 10 x 10 μm areas of a cleaved optical
fiber end are flat or uneven. The measured results of the inspected flat and uneven fiber ends
were in good agreement with those obtained using an SEM.

4.3. Simple tool for inspecting optical fiber ends

The conventional inspection method for a cleaved fiber end involves checking it regularly
(about once a week) to ensure good cleaving quality by using a CCD camera and the video
monitor of a fusion splicer. If the cleaved fiber end is imperfect, first the fiber cleaver blade
is replaced. If no improvements result from this countermeasure, the fiber cleaver itself must
be repaired by the manufacturer. In contrast, the conventional inspection method for optical
fiber connector endfaces is to check the surface before connecting the mated connector. This
method uses a CCD camera and the video monitor of a specialized piece of inspection
equipment [29]. If the connector endface is contaminated, it must be cleaned with a special
cleaner. These methods using a CCD camera and a video monitor are expensive and unsuit‐
able for use with straightforward fiber connections in the field. Therefore, a simple and eco‐
nomical inspection tool for cleaved fiber ends and connector endfaces suitable for use in the
field have been proposed [30-31].

Figure 18. Experimental results of correctly cleaved fiber end: (a) result with proposed sensor and (b) result of SEM
observation, and experimental results for incorrectly cleaved fiber end: (c) result with proposed sensor and (d) result of
SEM observation

There are three important requirements for an inspection tool, namely it must provide a clear
view, be portable, and easy to operate. We took these requirements into consideration when
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developing the tool. For the clear view requirement, the fiber ends or connector endfaces under
test should be viewable with both the naked eye and a camera. Naked-eye inspection is easily
applicable and effective during fiber end preparation and assembly procedures. Camera
inspection is effective because it allows us to photograph an inspected cleaved fiber end or
connector endface. To meet the portability requirement, the tool must be compact and easy to
carry to any location including aerial sites. For the ease of operation requirement, the tool
should not require any focal adjustment of a microscope, and the tool must be as easy as
possible to handle to prevent the need for complex operations in the field.

Several concrete specifications were determined on the basis of these requirements, as listed
in Table 1. The tool must be small enough to carry with one hand. Its total weight should be
less than 500 g. It should include a microscope that has a lens with a magnification power of
a few hundred times. The target fiber is a 125-μm bare/250-μm coated fiber, which is placed
in the FA holder used in field installable connectors or a holder for mechanical splicing. The
target connectors are SC, MU, FA, and FAS connectors. The tool uses a cell phone equipped
with a CCD camera and small video monitor. This enables the inspected fiber end to be
photographed and sent over a cell phone network. LED light sources are used to allow visibility
in dark places. A rechargeable battery is used for the LED light sources.

Table 1. Specifications of new inspection tool

The tool is designed to inspect both cleaved fiber ends and connector endfaces. Schematic
views of the inspection method for a cleaved fiber end and an optical connector endace are
shown in Fig. 19(a) to (c). The fundamental optical microscope system for the tool is shown in
Fig. 19(a). The microscope system is composed of an objective lens, an eyepiece lens for a cell
phone camera or a naked eye, a sample that can be inspected, and an LED light source. Their
components must be arranged in a line at designated lengths. In this figure, Sob, La, Sey, fob, and
fey indicate the distance from the objective lens to the object point, the distance between the
objective and eyepiece lenses, the distance from the eyepiece lens to the viewpoint for a cell
phone camera or the naked eye, the focal distance of the objective lens, and the focal distance
of the eyepiece lens, respectively. Here, Sob is designed to be slightly larger than fob, and Sey is
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and a new fiber stage, it allows us to determine whether 10 x 10 μm areas of a cleaved optical
fiber end are flat or uneven. The measured results of the inspected flat and uneven fiber ends
were in good agreement with those obtained using an SEM.

4.3. Simple tool for inspecting optical fiber ends

The conventional inspection method for a cleaved fiber end involves checking it regularly
(about once a week) to ensure good cleaving quality by using a CCD camera and the video
monitor of a fusion splicer. If the cleaved fiber end is imperfect, first the fiber cleaver blade
is replaced. If no improvements result from this countermeasure, the fiber cleaver itself must
be repaired by the manufacturer. In contrast, the conventional inspection method for optical
fiber connector endfaces is to check the surface before connecting the mated connector. This
method uses a CCD camera and the video monitor of a specialized piece of inspection
equipment [29]. If the connector endface is contaminated, it must be cleaned with a special
cleaner. These methods using a CCD camera and a video monitor are expensive and unsuit‐
able for use with straightforward fiber connections in the field. Therefore, a simple and eco‐
nomical inspection tool for cleaved fiber ends and connector endfaces suitable for use in the
field have been proposed [30-31].

Figure 18. Experimental results of correctly cleaved fiber end: (a) result with proposed sensor and (b) result of SEM
observation, and experimental results for incorrectly cleaved fiber end: (c) result with proposed sensor and (d) result of
SEM observation

There are three important requirements for an inspection tool, namely it must provide a clear
view, be portable, and easy to operate. We took these requirements into consideration when
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developing the tool. For the clear view requirement, the fiber ends or connector endfaces under
test should be viewable with both the naked eye and a camera. Naked-eye inspection is easily
applicable and effective during fiber end preparation and assembly procedures. Camera
inspection is effective because it allows us to photograph an inspected cleaved fiber end or
connector endface. To meet the portability requirement, the tool must be compact and easy to
carry to any location including aerial sites. For the ease of operation requirement, the tool
should not require any focal adjustment of a microscope, and the tool must be as easy as
possible to handle to prevent the need for complex operations in the field.

Several concrete specifications were determined on the basis of these requirements, as listed
in Table 1. The tool must be small enough to carry with one hand. Its total weight should be
less than 500 g. It should include a microscope that has a lens with a magnification power of
a few hundred times. The target fiber is a 125-μm bare/250-μm coated fiber, which is placed
in the FA holder used in field installable connectors or a holder for mechanical splicing. The
target connectors are SC, MU, FA, and FAS connectors. The tool uses a cell phone equipped
with a CCD camera and small video monitor. This enables the inspected fiber end to be
photographed and sent over a cell phone network. LED light sources are used to allow visibility
in dark places. A rechargeable battery is used for the LED light sources.

Table 1. Specifications of new inspection tool

The tool is designed to inspect both cleaved fiber ends and connector endfaces. Schematic
views of the inspection method for a cleaved fiber end and an optical connector endace are
shown in Fig. 19(a) to (c). The fundamental optical microscope system for the tool is shown in
Fig. 19(a). The microscope system is composed of an objective lens, an eyepiece lens for a cell
phone camera or a naked eye, a sample that can be inspected, and an LED light source. Their
components must be arranged in a line at designated lengths. In this figure, Sob, La, Sey, fob, and
fey indicate the distance from the objective lens to the object point, the distance between the
objective and eyepiece lenses, the distance from the eyepiece lens to the viewpoint for a cell
phone camera or the naked eye, the focal distance of the objective lens, and the focal distance
of the eyepiece lens, respectively. Here, Sob is designed to be slightly larger than fob, and Sey is
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designed to be slightly larger than fey. The figure also shows the light path. An LED light source
emitting an almost parallel light beam, is used in this microscope system. After passing
through the inspected sample, the light is focused at the back focal plane of the objective lens.
It then proceeds to and is magnified by the eyepiece lens before passing into a cell phone
camera or a naked eye. The magnified image of the inspected sample can be observed with the
cell phone monitor or with the naked eye by using appropriate lenses and by designating
appropriate distances; Sob, La, and Sey. With normal optical microscopes, the inspected sample
is placed on the stage and must be adjusted to Sob and aligned at the object point while La and
Sey are designated as constants. By contrast, with this microscope system, the inspected sample,
which in placed in a special holder, can always be positioned at the object point without active
alignment, i.e., without focal length adjustment. This special holder is described in detail in
the following section. For the cleaved fiber inspection shown in Fig. 19(b), the side of the
cleaved fiber end is designed to be viewed through the objective lens of the microscope system
with the use of the LED light source. The distance between the fiber end and the objective lens
a is designed to be equal to Sob. The fiber end, LED, and lens are designed to align passively
and to set at each designated distance and not require focal adjustment. However, for the
optical-fiber connector inspection in Fig. 19(c), the endface of the connector is designed to be
viewed through the objective lens by using a half-mirror and another LED light source. The
summation of the distance between the connector endface and the half-mirror b and that
between the half-mirror and the object lens c is designed to be equal to Sob. The connector end,
LED, half-mirror, and lens are also designed to align passively and to set at each designated
distance and not require focal adjustment.

On the basis of the described specifications and design, we developed a simple, mobile and
cost-effective tool. The outer components of the proposed inspection tool and the internal
makeup of the optical microscope system are shown in Fig. 20. It is composed of three main
parts: a body that includes a microscope that has objective and eyepiece lenses and LED light
sources, a cell phone and its attachment, and special holders for cleaved fiber ends or connector
endfaces. The cell phone is equipped with a CCD camera and a small video monitor. This
inspection tool is simple and light, and weighs about 500 g including the cell phone. The optical
microscope system is also shown in this figure. The eyepiece lens, objective lens, and object
point of the cleaved fiber end are aligned in the body of the tool. The two LEDs for the cleaved
fiber end and connector endface are also installed in the body. The half-mirror is aligned in
the special holder for the connector endface. The inspection procedure is as follows.

i. The cleaved optical fiber or the optical connector to be inspected is placed in the
appropriate special holder.

ii. The special holder is installed at the center of the body.

iii. The attachment with the cell phone is installed on top of the body.

The special holders and body are designed to automatically align the inspected cleaved fiber
end or connector end at each of the object points after step (ii). The attachment for a cell phone
is also designed to automatically align the camera in the cell phone at the viewpoint after step
(iii). This structure and procedure result in the inspection tool not requiring focal adjustment.
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The fiber ends or connector endfaces under test can be viewed through the top of the body

(step ii) using the cell phone monitor (step iii).

Figure 19. Basic concept of inspection method with developed tool: (a) fundamental optical microscope system and
inspecting (b) cleaved fiber end (side) and (c) connector endface (front)

The conventional fiber end preparation procedure for an FAS connector has six steps: (1) cut

the support wire of the dropped cable, (2) strip the cable coating, (3) place the fiber in the FA

holder, (4) strip the fiber coating, (5) clean the stripped fiber (bare fiber) with alcohol, and (6)

cut the bare optical fiber with a fiber cleaver. The assembly procedure comprises the next three

steps: (7) insert the properly prepared bare optical fiber into the mechanical splice part in the

FAS connector, (8) join it to the built-in optical fiber, and (9) fix the position of the bare optical

fiber. The inspection procedure for the proposed inspection tool (i)-(iii) for a cleaved fiber end

can be conducted between the fiber end preparation and assembly procedures, i.e., between

steps (6) and (7). This indicates that the proposed inspection tool can work well with the

conventional fiber end preparation and assembly procedures.
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designed to be slightly larger than fey. The figure also shows the light path. An LED light source
emitting an almost parallel light beam, is used in this microscope system. After passing
through the inspected sample, the light is focused at the back focal plane of the objective lens.
It then proceeds to and is magnified by the eyepiece lens before passing into a cell phone
camera or a naked eye. The magnified image of the inspected sample can be observed with the
cell phone monitor or with the naked eye by using appropriate lenses and by designating
appropriate distances; Sob, La, and Sey. With normal optical microscopes, the inspected sample
is placed on the stage and must be adjusted to Sob and aligned at the object point while La and
Sey are designated as constants. By contrast, with this microscope system, the inspected sample,
which in placed in a special holder, can always be positioned at the object point without active
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parts: a body that includes a microscope that has objective and eyepiece lenses and LED light
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inspection tool is simple and light, and weighs about 500 g including the cell phone. The optical
microscope system is also shown in this figure. The eyepiece lens, objective lens, and object
point of the cleaved fiber end are aligned in the body of the tool. The two LEDs for the cleaved
fiber end and connector endface are also installed in the body. The half-mirror is aligned in
the special holder for the connector endface. The inspection procedure is as follows.

i. The cleaved optical fiber or the optical connector to be inspected is placed in the
appropriate special holder.

ii. The special holder is installed at the center of the body.

iii. The attachment with the cell phone is installed on top of the body.

The special holders and body are designed to automatically align the inspected cleaved fiber
end or connector end at each of the object points after step (ii). The attachment for a cell phone
is also designed to automatically align the camera in the cell phone at the viewpoint after step
(iii). This structure and procedure result in the inspection tool not requiring focal adjustment.
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Figure 20. Outer components of fabricated inspection tool and internal makeup of optical microscope system

The inspection results and operation time of the fabricated inspection tool were evaluated.

Experimental observation results from the cell phone screen are shown in Fig. 21. The tool with

a cell phone attached is shown in Fig. 21(a), and its observation results are shown in Fig.

21(b) to (e). The fiber end or connector endface in each photo is magnified about 100 times.

These results indicate that the tool can be used to inspect and determine whether fiber ends

have been cleaved incorrectly (Fig. 21(b)) or correctly (Fig. 21(c)), and whether there is

contamination (Fig. 21(d)) or no contamination (Fig. 21(e)) on the connector endfaces.
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Figure 21. Experimental observation results on cell phone screen: (a) developed inspection tool with cell phone at‐
tached, (b) incorrectly cleaved fiber end, (c) correctly cleaved fiber end, (d) contamination on connector endface, and
(e) uncontaminated connector endface

For conventional FAS connector procedures, the fiber end preparation and assembly proce‐
dures take 72 and 28% of the total installation time, respectively. With the proposed tool,
inspection took 11% longer than with the conventional procedure. These results indicate that
using the inspection tool may result in a slight increase of 11% in operation time compared
with that required with conventional fiber end preparation and assembly procedures.

The fabricated inspection tool is compact, highly portable, and can inspect a fiber and clearly
determine whether it has been cleaved correctly and whether contamination or scratches can
be found on the connector endfaces. Thus, this tool will be highly practical for field use.

5. Conclusion

This chapter reported example faults and novel countermeasures with optical fiber connectors
and mechanical splices in FTTH networks.

After a brief introduction (section 1), section 2 described the FTTH network and optical fiber
connectors and mechanical splices used in Japan, and section 3 reported example faults with
these optical connections in FTTH networks. First, the faults with fiber connection using
refractive-index matching material were reported in section 3.1. There are two major causes
of these faults: one is a wide gap between fiber ends and the other is incorrectly cleaved fiber
ends. Next, faults with fiber connection using physical contact were explained in section 3.2.
This fault might occur when the connector endfaces are contaminated. The characteristics of
these faults were outlined.
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Novel countermeasures against these above-mentioned faults were introduced in section 4.
In section 4.1, a new connection method using solid refractive index matching material was
proposed as a countermeasure against faults caused by the wide gap between fiber ends. This
connection method can provide an insertion loss of more than 20 dB or less than 2 dB when
the gap between the fiber ends is wider or narrower than 120 μm, respectively. If there is a de‐
fective connection that has a wide gap, the insertion loss will always be extremely high. In
such cases, communication services may be immobilized. With the connection method, engi‐
neers undertaking detection work can notice the defective connection immediately after instal‐
lation.

In section 4.2, a fiber optic Fabry-Perot interferometer-based sensor was introduced as a coun‐
termeasure for detecting faults caused by incorrectly cleaved fiber ends. The sensor mainly
uses laser diodes, an optical power meter, a 3-dB coupler, and an XY lateral adjustment fi‐
ber stage. Experimentally obtained fiber end images were in good agreement with scanning
electron microscope observation images of incorrectly cleaved fiber ends.

In section 4.3, a novel tool for inspecting optical fiber ends was proposed as a countermeas‐
ure for detecting faults caused both by incorrectly cleaved fiber ends and by contaminated con‐
nector  endfaces.  The  proposed  tool  has  a  simple  structure  and  does  not  require  focal
adjustment. It can be used to inspect a fiber and clearly determine whether it has been cleaved
correctly and whether contamination or scratches are present on the connector endfaces. The
tool requires a slight increase of 11% in operation time compared with conventional fiber end
preparation and assembly procedures. The proposed tool provides a simple and cost-effec‐
tive way of inspecting cleaved fiber ends and connector endfaces and is suitable for field use.

These results support the practical use of optical fiber connections in the construction and
operation of optical network systems such as FTTH.
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the gap between the fiber ends is wider or narrower than 120 μm, respectively. If there is a de‐
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lation.

In section 4.2, a fiber optic Fabry-Perot interferometer-based sensor was introduced as a coun‐
termeasure for detecting faults caused by incorrectly cleaved fiber ends. The sensor mainly
uses laser diodes, an optical power meter, a 3-dB coupler, and an XY lateral adjustment fi‐
ber stage. Experimentally obtained fiber end images were in good agreement with scanning
electron microscope observation images of incorrectly cleaved fiber ends.
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1. Introduction

Growing research interests are focused on the high-speed telecommunications and data
communications networks with increasing demand for accessing to the Internet even from
home. For instance, in Nov 2011 Strategy Analytics forecasted that there would be more
than 807 million broadband fixed line subscriptions worldwide in 2017, based on a figure of
578 million at the end of 2011 showing a cumulative annual growth rate of around 8 percent
[1]. This increasing demand for high-speed information transmission over the last two deca‐
des has been driven by the huge successes during the last decade of new multimedia serv‐
ices, commonly referred as Next-Generation Access (NGA) services, such as Internet
Protocol Television (IPTV) or Video on Demand (VoD), as well as an increased data traffic
driven by High-Definition TV (HDTV) and Peer-to-Peer (P2P) applications which have
changed people's habits and their demands for service delivery. Consequently, consumer
adoption of broadband access to facilitate use of the Internet for knowledge, commerce and,
obviously, entertainment is contingent with the increment of the optical broadband access
network capacity, which should extent into the customer's premises up to the terminals.
Thus, steady increases in bandwidth requirements of access networks and local area net‐
works (LANs) have created a need for short-reach and medium-reach links supporting data
rates of Gbps (such as Gigabit Ethernet, GbE), 10Gbps (such as 10-Gigabit Ethernet, 10GbE)
and even higher (such as 40- and 100- Gigabit Ethernet standards, namely 40GbE and
100GbE respectively, which started in November 2007 and have been very ratified in June
2010). Detailed studies [2, 3] have defined the required bit-rates to be transmitted to the cus‐
tomer’s premises for different profiles for the traffic flows, reaching a total future-proof
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very-high-bit-rate link in the order of 2Gbps per user. It is estimated that end-user access
bandwidths could reach 1 Gbps by 2015, and 10 Gbps by 2020.

Related to this latter premise, a growing number of service providers are turning to solu‐
tions capable of exploiting the full potential of optical fiber for service delivery, being the
copper based x-Digital Subscriber Line (xDSL) infrastructure progressively replaced by a fi‐
ber-based outside plant with thousands of optical ports and optical fiber branches towards
residential and business users, constituting the core of the FTTx (Fiber to the Home/Node/
Curb/Business) deployments, see Fig. 1(a). These include passive optical networks (PONs),
whose standardization has accelerated product availability and deployment. The ongoing
evolution to deliver Gigabit per second Ethernet and the growing trend to migrate to Wave‐
length Division Multiplexing (WDM) schemes have benefited significantly from the Coarse
WDM (CWDM) and Dense WDM (DWDM) optoelectronics technologies, as they provide a
more efficient way to deliver traffic to Customer Premises Equipment (CPE) devices. These
systems, commonly referred to as WDM-PON, are still under standardization process and
field trials and are the basis of the so-called next-generation broadband optical access net‐
works to prepare for the future upgrade of the FTTx systems currently being deployed. A
basic scheme of the WDM-PON architecture is depecited in Fig. 1(b). However, networking
architectures such as PON, BPON, WDM-PON, etc. are outside the scope of this chapter.
There is a widely-spread consensus concerning service providers that FTTx is the most pow‐
erful and future-proof access network architecture for providing broadband services to resi‐
dential users.
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Figure 1. (a) Different FTTx network deployments. (b) Architecture of WDM-PON.

In the FTTx system concepts deployed up to now, singlemode optical fiber (SMF) is used,
which has a tremendous bandwidth and thus a huge transport capacity for many services
such as the ITU G.983.x ATM1-PON system. Research is ongoing to further extend the capabil‐
ities of shared SMF access networks. The installation of SMF has now conquered the core and

1 ATM: Asynchronous Transfer Mode.
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metropolitan area networks and is subsequently penetrating into the access networks. How‐
ever, it requires great care, delicate high-precision equipment, and highly-skilled personnel,
being mainly deployed for long-haul fiber optic communications, constituting the so-called
Optical Distribution Network (ODN) and the core telecommunication network of the next
generation of optical broadband access networks. Nevertheless, as it comes closer to the end
user and his residential area, the costs of installing and maintaining the fiber network become
a driving factor, which seriously hampers the large-scale introduction of FTTx.

Also inside the customer's premises, there is a growing need for convergence of the multi‐
tude of communication networks. Presently, Unshielded Twisted copper Pair (UTP) cables
are used for voice telephony, cat-5 UTP cables for high-speed data, coaxial cables for CATV2

and FM3 radio signals distribution, wireless Local Area Network (LAN) for high-speed data,
FireWire for high-speed short-range signals, and also Power Line Communications (PLC)
technology for control signals and lower-speed data. These different networks are each
dedicated and optimised for a particular set of services, which also put different Quality-of-
Service (QoS) demands, and suffer from serious shortcomings when they are considered to
serve the increasing demand for broadband services. Also no cooperation between the net‐
works exists. A common infrastructure that is able to carry all the service types would alle‐
viate these problems. It is therefore not easy to upgrade services, to introduce new ones, nor
to create links between services (e.g., between video and data). By establishing a common
broadband in-house network infrastructure, in which a variety of services can be integrated,
however, these difficulties can be surmounted. The transmission media used at present are
not suited for provisioning high-bandwidth services at low cost. For instance, today's wiring
in LANs is based mainly on copper cables (twisted pair or coaxial) and silica (glass) fiber of
two kinds: singlemode optical fiber (SMF) and multimode optical fiber (MMF). Copper
based technologies suffer strong susceptibility to electromagnetic interferences and have
limited capacity for digital transmission as well as the presence of crosstalk. Compared to
these copper based technologies, optical fiber has smaller volume, it is less bulky and has a
smaller weight. In comparison with data transmission capability, optical fiber offers higher
bandwidth at longer transmission distances.

On the other hand, optical fiber is extensively used for long-distance data transmission and
it represents an alternative for transmission at the customer's premises as well. Optical fiber
connections offer complete immunity to EMI and present increase security, since it is very
difficult to intercept signals transmitted through the fiber. Moreover, optical communication
systems based on silica optical fibers allow communication signals to be transmitted not on‐
ly over long distances with low attenuation but also at extremely high data rates, or band‐
width capacity. In SMF systems, this capability arises from the propagation of a single
optical mode in the low-loss windows of silica located at the near-infrared wavelengths of
1.3μm, and 1.55μm. Furthermore, since the introduction of Erbium-Doped Fiber Amplifiers
(EDFAs), the last decade has witnessed the emergence of SMF as the standard data trans‐

2 CATV: Community Antena TeleVision.
3 FM: Frequency Modulation.
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mission medium for wide area networks (WANs), especially in terrestrial and transoceanic
communication backbones. The success of the SMF in long-haul communication backbones
has given rise to the concept of optical networking, which is a central theme with currently
driving research and development activities in the field of photonics. The main objective is
to integrate voice, video, and data streams over all-optical systems as communication sig‐
nals make their way from WANs down to the end user by Fiber-To-The-x (FTTx), offices,
and in-homes.

Although conventional SMF solutions have the potential of achieving very large band‐
widths, they suffer from high connections costs compared to copper or wireless solutions.
For this reason, SMF has not been widely adopted by the end user (premises) where most of
the interconnections are needed and less cost-sharing between users is obtainable. The un‐
derlying factor is the fact that the SMF core is typically only a few micrometers in diameter
with the requirement of precise connecting, delicate installation and handling. Yet as the op‐
tical network gets closer to the end user, the system is characterized by numerous connec‐
tions, splices, and couplings that make the use of thin SMF impractical. An alternative
technology is then the use of conventional silica-based multimode optical fiber (MMF) with
larger core diameters. This fact allows for easier light coupling from an optical source, large
tolerance on axial misalignments, which results in cheaper connectors and associated equip‐
ment, as well as less requirements on the skills of the installation personnel. However, the
use of MMFs is at a cost of a bandwidth penalty with regards to their SMF counterparts,
mainly due to the introduction of modal dispersion. This is the reason why MMF is com‐
monly applied to short-reach and medium-reach applications due to its low intrinsic attenu‐
ation despite its limited bandwidth. In particular, in the access network, the use of MMF
may yield a considerable reduction of installation costs although the bandwidth-times
length product of SMF is significantly higher than that of MMF. As in the access network,
the fiber link lengths are less than 10km, however, the bandwidth of presently commercially
available silica MMFs is quite sufficient.

On the other hand, compared to multimode silica optical fiber, polymer optical fiber (POF)
offers several advantages over conventional multimode optical fiber over short distances
(ranging from 100m to 1000m) such as the even potential lower cost associated with its easi‐
ness of installation, splicing and connecting. This is due to the fact that POF is more flexible
and ductile [4], making it easier to handle. Consequently, POF termination can be realized
faster and cheaper than in the case of silica MMF. This POF technology could be used for
data transmission in many applications areas ranging like in-home, fiber to the building,
wireless LAN backbone or office LAN among others. In addition, improvement in the band‐
width of POF fiber can be obtained by grading the refractive index, thus introducing the so-
called Graded-Index POFs (GIPOFs). Although by grading the index profile significantly
enhanced characteristics have been obtained, the bandwidth and attenuation still limit the
transmission distances and capacity. Reduction of loss has been achieved by using amor‐
phous perfluorinated polymers for the core material. This new type of POF has been named
perfluorinated GIPOF (PF GIPOF). This new fiber with low attenuation and large band‐
width has opened the way for high capacity transmission over POF based systems. In addi‐
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tion to, as PF GIPOF has a relative low loss wavelength region ranging from 650nm to
1300nm (even theoretically in the third transmission window), it allows for WDM transmis‐
sion of several data channels. However, attenuation and bandwidth characteristics of the
current state-of-the-art PF GIPOF are not at par with those of standard silica SMFs, but they
still are superior to those of copper based technologies. Nevertheless, although these losses
are coming down steadily due to ongoing improvements in the production processes of this
still young technology, the higher than silica attenuation inhibits their use in relative long
link applications, being mainly driven for covering in-building optical networks link lengths
for in-building/home optical networks (with link lengths less than 1 km), and thus the loss
per unit length is of less importance. It should be noted that available light sources for silica
fiber based systems can be used with PF GIPOF systems. The same is true of connectors as
in the case of Gigabit Ethernet equipment.

Therefore, it can be stated that polymer optical fiber technology has reached a level of devel‐
opment where it can successfully replace copper based technology and silica MMF for data
transmission in short distance link applications such as in the office, in-home and LAN sce‐
narios. Moreover, PF GIPOF is forecasted to be able to support bit-rate distance products in
the order of 10Gbps km [5]. Short distance communications system like in-home network
and office LANs represent a unique opportunity for deployment of PF GIPOF based sys‐
tems for broadband applications. We can conclude that PF GIPOF technology is experienc‐
ing rapid development towards a mature solution for data transmission at short haul
communications. The challenge remains in bringing this POF technology (transceiver, con‐
nectors,…) to a competitive price and performance level at the customer's premises.

Nevertheless, the potentials of these multimode fibers, both silica- and polymer-based, to
support broadband radio-frequency, microwave and even millimetre wave transmission
over short- and medium-reach distances are yet to be fully known. The belief is that a better
understanding of the factors that affect the fiber bandwidth will prove very useful in in‐
creasing the bandwidth of silica MMF and PF GIPOF links in real situations. In the whole
fiber network society to be realized in the near future, it is said that silica-based SMF fibers
for long-haul backbone will be only several percents of the total use, and the remaining
more than 90% would correspond to all-optical networks covering the last mile [6]. Link
lengths may range from well below 1 km in LANs and residential houses, to only a few kilo‐
metres in larger building such as offices, hospitals, airport halls, etc. And it is now clear that
the expected market is huge and researches and companies all over the world are competing
to find a solution to this issue.

In this framework, the first part of this chapter, comprising sections 2 and 3 will briefly ad‐
dress the fundamentals of mutimode optical fibers as well as present transmission capacities.
Like any communication channel, the multimode optical fiber also suffers from various signal
distortions limiting its usefulness. The primary mechanisms contributing to the channel im‐
pairment in multimode fibers are discussed. Both silica-based MMFs and PF GIPOFs are es‐
sentially large-core optical waveguide supporting multiple transverse electromagnetic modes
and they suffer from similar channel impairments. On the other hand, present capabilities of
actual multimode optical fiber-based deployments are shown. In addition, different techni‐
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to find a solution to this issue.
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ques reported in literature to carry microwave and millimetre-wave over optical networks,
surmounting the multimode fiber bandwidth bottleneck, are also briefly described.

The second part of this chapter, which comprises sections 4, 5 and 6, respectively, focuses on
the frequency response mathematical framework and the experimental results, respectively,
of both types of multimode optical fibers. Some of the key factors affecting the frequency
characteristics of both fiber types are addressed and studied. Theoretical simulations and
measurements are shown for standard silica-based MMF as well as for PF GIPOF. Although
some of these issues are interrelated, they are separately identified for clarity.

Finally, the main conclusions of this chapter are reported in Section 7.

2. Fundamentals of multimode optical fibers

Despite the above advantages, the use of multimode optical fiber has been resisted for some
years by fiber-optic link designers in favour of their SMF counterparts since Epworth dis‐
covered the potentially catastrophic problem of modal noise [7]. Modal noise in laser-based
MMF links has been recently more completely addressed and theoretical as well as experi‐
mental proofs have shown that long-wavelength operation of MMFs is robust to modal
noise [8-10]. This explains the spectacular regain of interest for MMFs as the best solution for
the cabling of the access, in-home networks and LANs. The question that needs answer now
in view of increasing the usefulness of MMF concerns the improvement of their dispersion
characteristics, which is related to their reduced bandwidth.

For the transmission of communication signals, attenuation and bandwidth are important
parameters. Both parameters will be briefly described in the following subsections, focusing
on their impact over multimode fibers. In any case, the optical signal is distorted and attenu‐
ated when it propagates over the fiber. These effects have to be modeled when describing
the signal transmission. They behave quite differently in different types of fibers. Whereas
signal distortions in singlemode fibers (SMFs) are primarily caused by chromatic dispersion,
i.e. the different speeds of individual spectral parts, the description of dispersion in multi‐
mode fibers (MMFs) is considerably more complex. Not only does chromatic dispersion oc‐
cur in them, but also has the generally much greater modal (or intermodal) dispersion.

It should be noted that, apart from attenuation, an important characteristic of an optical fi‐
ber as a transmission medium is its bandwidth. Bandwidth is a measure of the transmission
capacity of a fiber data link. As multimode fibers can guide many modes having different
velocities, they produce a signal response inferior to that of SMFs, being this modal disper‐
sion effect the limiting bandwidth factor. So bandwidth and dispersion are two parameters
closely related.

2.1. Attenuation

Attenuation in fiber optics, also known as transmission loss, is the reduction in the intensity
of the light beam with respect to distance traveled through a transmission medium, being an
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important factor limiting the transmission of a digital signal across large distances. The at‐
tenuation coefficient usually use units of dB/km through the medium due to the relatively
high quality of transparency of modern optical transmission media. Empirical research over
the years has shown that attenuation in optical fiber is caused primarily by both scattering
and absorption. However, the fundamentals of both attenuation mechanisms are outside the
scope of this chapter.

On the one hand, silica exhibits fairly good optical transmission over a wide range of wave‐
lengths. In the near-infrared (near IR) portion of the spectrum, particularly around 1.5 μm,
silica can have extremely low absorption and scattering losses of the order of 0.2 dB/km.
Such remarkably-low losses are possible only because ultra-pure silicon is available, being
essential for manufacturing integrated circuits and discrete transistors. Nevertheless, fiber
cores are usually doped with various materials with the aim of raising the core refractive in‐
dex thus achieving propagation of light inside the fiber (by means of total internal reflection
mechanisms). A high transparency in the 1.4-μm region is achieved by maintaining a low
concentration of hydroxyl groups (OH). Alternatively, a high OH concentration is better for
transmission in the ultraviolet (UV) region.

On the other hand, until recently, the only commercially available types of POF were based
on non-fluorinated polymers such as PolyMethylMethAcrylate (PMMA) (better known as
Plexiglass®), widely used as core material for graded-index fiber [11] in addition with the
utilization of several kinds of dopants. Although firstly developed PMMA-GIPOFs were
demonstrated to obtain very high transmission bandwidth compared to that of Step-Index
(SI) counterparts, the use of PMMA is not attractive due to its strong absorption driving a
serious problem in the PMMA-based POFs at the near-IR (near-infrared) to IR regions. This
is because of the large attenuation due to the high harmonic absorption loss by carbon-hy‐
drogen (C-H) vibration (C-H overtone). As a result, PMMA-based POFs could only be used
at a few wavelengths in the visible portion of the spectrum, typically 530nm and 650nm,
with typical attenuations around 150dB/km at 650nm. Today, unfortunately, almost all giga‐
bit optical sources operate in the near-infrared (typically 850nm or 1300nm), where PMMA
and similar polymers are essentially opaque. Nevertheless, in this scenario, undistorted bit
streams of 2.5Gbps over 200m of transmission length were successfully demonstrated over
PMMA-GIPOF [12].

On the other hand, it has been reported that one can eliminate this absorption loss by substi‐
tuting the hydrogen atoms in the polymer molecule for heavier atoms [13]. In this case, if the
absorption loss decreases with the substitution of hydrogen for deuterium or halogen atoms
(such as fluorine), the possible distance for signal transmission would be limited by disper‐
sion, and not by attenuation. Many polymers have been researched and reported in litera‐
ture in order to improve the bandwidth performance given by the first PMMA-based
graded-index polymer optical fibers [14]. Nevertheless, today, amorphous perfluorinated
(PF) GIPOF is widely used because of its high bandwidth and low attenuation from the visi‐
ble to the near IR wavelengths compared to PMMA GIPOF [15]. As a result, it is immediate‐
ly compatible with gigabit transmission sources, and can be used over distances of
hundreds of meters. This fact is achieved mainly by reducing the number of carbon-hydro‐
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concentration of hydroxyl groups (OH). Alternatively, a high OH concentration is better for
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on non-fluorinated polymers such as PolyMethylMethAcrylate (PMMA) (better known as
Plexiglass®), widely used as core material for graded-index fiber [11] in addition with the
utilization of several kinds of dopants. Although firstly developed PMMA-GIPOFs were
demonstrated to obtain very high transmission bandwidth compared to that of Step-Index
(SI) counterparts, the use of PMMA is not attractive due to its strong absorption driving a
serious problem in the PMMA-based POFs at the near-IR (near-infrared) to IR regions. This
is because of the large attenuation due to the high harmonic absorption loss by carbon-hy‐
drogen (C-H) vibration (C-H overtone). As a result, PMMA-based POFs could only be used
at a few wavelengths in the visible portion of the spectrum, typically 530nm and 650nm,
with typical attenuations around 150dB/km at 650nm. Today, unfortunately, almost all giga‐
bit optical sources operate in the near-infrared (typically 850nm or 1300nm), where PMMA
and similar polymers are essentially opaque. Nevertheless, in this scenario, undistorted bit
streams of 2.5Gbps over 200m of transmission length were successfully demonstrated over
PMMA-GIPOF [12].

On the other hand, it has been reported that one can eliminate this absorption loss by substi‐
tuting the hydrogen atoms in the polymer molecule for heavier atoms [13]. In this case, if the
absorption loss decreases with the substitution of hydrogen for deuterium or halogen atoms
(such as fluorine), the possible distance for signal transmission would be limited by disper‐
sion, and not by attenuation. Many polymers have been researched and reported in litera‐
ture in order to improve the bandwidth performance given by the first PMMA-based
graded-index polymer optical fibers [14]. Nevertheless, today, amorphous perfluorinated
(PF) GIPOF is widely used because of its high bandwidth and low attenuation from the visi‐
ble to the near IR wavelengths compared to PMMA GIPOF [15]. As a result, it is immediate‐
ly compatible with gigabit transmission sources, and can be used over distances of
hundreds of meters. This fact is achieved mainly by reducing the number of carbon-hydro‐
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gen bonds that exist in the monomer unit by using partially fluorinated polymers. In 1998,
the PF-based GIPOF had an attenuation of around 30dB/km at 1310nm. Attenuation of
15dB/km was achieved only three years after and lower and lower values of attenuation are
being achieved. The theoretical limit of PF-based GIPOFs is ~0.5 dB/km at 1250-1390nm [16].
In the estimation, the attenuation factors are divided in two: material-inherent scattering
loss and material-inherent absorption loss. The first factor is mainly given by the Rayleigh
scattering, following the relation αR ∼ (λ)−4. The second factor is given by the absorption
caused by molecular vibrations. A detailed explanation on the estimation processes is de‐
scribed [17].

2.2. Dispersion

As aforementioned, pulse broadening in MMFs is generally caused by modal dispersion and
chromatic dispersion. For MMFs it is necessary to consider the factors of material, modal
and profile dispersion. The latter considers the wavelength dependence on the relative re‐
fractive index difference in graded index fibers. Waveguide dispersion additionally occurs
in singlemode fibers, whereas profile dispersion and modal dispersion do not.

Figure 2. Dispersion mechanisms in optical fibers.

All the kinds of dispersion appearing in optical fibers are summarized in Fig. 2. The mecha‐
nisms dependent on the propagation paths are marked in blue, whereas the wavelength-de‐
pendent processes are marked in red. Those mechanisms only affecting SMFs are outside
from the scope of this work so they will be avoided. For multimode fibers modal dispersion
and chromatic dispersion are the relevant processes to be considered.

In a generic description, chromatic dispersion is introduced by the effect that the speed of
propagation of light of different wavelengths differs resulting in a wavelength dependence
of the modal group velocity. The end result is that different spectral components arrive at
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slightly different times, leading to a wavelength-dependent pulse spreading, i.e. dispersion.
As a matter of fact, the broader the spectral width (linewidth) of the optical source the great‐
er is the chromatic dispersion. In PF-based POFs the chromatic dispersion is much smaller
than in silica MMF for wavelengths up to 1100nm. For wavelengths above 1100nm, the dis‐
persion of the PF-based GIPOF retains and the dispersion of silica MMF increases. The ex‐
pression of such dispersion is given by:
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where D(λ) is the material dispersion parameter (usually given in ps/nm⋅km), Δλ is the
spectral width of the light source, and L is the length of the fiber. Fig. 3(a) depicts a typical
material dispersion curve as a function of the operating wavelength. for a PF GIPOF as well
as a silica-based MMF with a SiO2 core doped with 6.3mol-% GeO2 and a SiO2 cladding. It is
clearly seen the better performance in terms of material dispersion of the PF GIPOF com‐
pared to the silica-based counterpart, especially in the range up to 1100nm. Optical Fiber 10
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Figure 3. (a) Typical material dispersion of the central core region for a silica-based MMF (blue solid line) and PF GIPOF
(red dashed line). (b) Relation between the refractive index profile and bandwidth of 100m-long PF GIPOF. PMMA-
GIPOF at 650nm is plotted for comparison.

On the other hand, modal dispersion is caused by the fact that the different modes (light
paths) within the fiber carry components of the signals at different velocities, which ultimate
results in pulse overlap and a garbled communications signal. Lower order modes propa‐
gate mainly along the waveguide axis, while the higher-order modes follow a more zigzag
path, which is longer. If a short light pulse is excited at the input of the fiber, the lowest or‐
der modes arrive first at the end of the fiber and the higher order modes arrive later. The
output pulse will thus be built up of all modes, with different arrival times, so the pulse is
broadened.
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slightly different times, leading to a wavelength-dependent pulse spreading, i.e. dispersion.
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Figure 3. (a) Typical material dispersion of the central core region for a silica-based MMF (blue solid line) and PF GIPOF
(red dashed line). (b) Relation between the refractive index profile and bandwidth of 100m-long PF GIPOF. PMMA-
GIPOF at 650nm is plotted for comparison.

On the other hand, modal dispersion is caused by the fact that the different modes (light
paths) within the fiber carry components of the signals at different velocities, which ultimate
results in pulse overlap and a garbled communications signal. Lower order modes propa‐
gate mainly along the waveguide axis, while the higher-order modes follow a more zigzag
path, which is longer. If a short light pulse is excited at the input of the fiber, the lowest or‐
der modes arrive first at the end of the fiber and the higher order modes arrive later. The
output pulse will thus be built up of all modes, with different arrival times, so the pulse is
broadened.
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To overcome and compensate for modal dispersion, the refractive index of the fiber core (or,
alternatively, graded index exponent of the fiber core) is graded parabola-like from a high
index at the fiber core center to a low index in the outer core region, i.e. by forming a grad‐
ed-index (GI) fiber core profile. In such fibers, light travelling in a low refractive-index struc‐
ture has a higher speed than light travelling in a high index structure and the higher order
modes bend gradually towards the fiber axis in a shorter period of time because the refrac‐
tive index is lower at regions away from the fiber core. The objective of the GI profile is to
equalise the propagation times of the various propagating modes. Therefore, the time differ‐
ence between the lower order modes and the higher order modes is smaller, and so the
broadening of the pulse leaving the fiber is reduced and, consequently, the transmission
bandwidth can be increased over the same transmission length. For negligible modal disper‐
sion the ideal refractive index profile is around 2. This refractive index profile formed in the
core region of multimode optical fibers plays a great role determining its bandwidth, be‐
cause modal dispersion is generally dominant in the multimode fiber although an optimum
refractive index profile can produce the minimum modal dispersion, i.e. larger bandwidth
being almost independent of the launching conditions [18]. Fig. 3(b) shows the calculated
bandwidth of a PF-based GIPOF operating at different wavelengths, in which it is assumed
that the source spectral width is 1nm, with regards to the refractive index profile, α. The da‐
ta of the bandwidth of a PMMA-based GIPOF at 650nm is also shown for comparison show‐
ing a maximum limited to approximately 1.8GHz for 100m by the large material dispersion.
On the other hand, the smaller material dispersion of the PF polymer-based GIPOF permits
a maximum bandwidth of 4GHz even at 650nm. Furthermore, when the signal wavelength
is 1300nm, theoretical maximum bandwidth achieves 92GHz for 100m. The difference of the
optimum index exponent value between 650nm and 1300nm wavelengths is caused by the
inherent polarization properties of material itself. It should be mentioned that a uniform ex‐
citation has been assumed and no differential mode attenuation (DMA) and mode coupling
(MC) effects have been considered. These effects will be briefly described later on.

To summarize, the different types of dispersion that appear in a MMF and their relation to
the fiber bandwidth are analyzed in Fig. 4. This figure reports the PF GIPOF chromatic and
modal dispersion and the total bandwidth of a 100m-long link as a function of the refractive
index profile, at a wavelength of 1300nm. Fig. 4(b) depicts the corresponding 3-dBo (3-dB
optical bandwidth) baseband bandwidth, related to Fig. 4(a). These plots are based on the
same analysis of Fig. 3, which assumed a uniform excitation and neglected both the DMA
and mode coupling effects. From these figures, the chromatic bandwidth is seen to show lit‐
tle dependence on α, which means that the material dispersion is the dominant contribution
(with regards to the profile dispersion) in the transmission window considered. On the oth‐
er hand, the modal bandwidth shows a highly peaked resonance with α. This is the well
known characteristic feature of the grading. With the present choice of parameters values,
that maximum bandwidth (i.e. minimum dispersion) approximately occurs at 2.18 at
1300nm, as shown in Fig. 4(a). Furthermore, the presence of crossover points (namely α1 and
α2) shows that the total bandwidth may be limited either by the modal dispersion or the
chromatic dispersion depending on the value of the refractive index profile. Focusing on
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Fig. 4(a), the chromatic dispersion will essentially limit the total bandwidth for α1 <α <α2,
whilst for α <α1 or α >α2 the modal dispersion will cause the main limitation. In other words,
when the index exponent is around the optimum value (α-resonance), the modal dispersion
effect on the possible 3-dB bandwidth (and so on the bit rate) is minimized and the chromat‐
ic dispersion dominates this performance. On the other hand, when the index exponent is
deviated from the optimum, the modal dispersion increases becoming the main source of
bandwidth limitation.
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Figure 4. (a) Dispersion effects versus refractive index profile for a 100m-long PF GIPOF, assuming equal power in all
modes and a 1300nm light source with 1nm of spectral linewidth. Inset: zoom near the optimum profile region. (b)
Corresponding 3-dBo bandwidth. (—) Total dispersion ; (- -) Modal dispersion ; (---) Chromatic dispersion.

It is also noteworthy that, since the PF polymer has low material and profile dispersions and
the wavelength dependence of the optimum profile is decreased, a high bandwidth per‐
formance can be maintained over a wide wavelength range, compared to multimode silica
or PMMA-based GIPOF fibers.

2.2.1. Dispersion modelling approach

The propagation characteristics of optical fibers are generally described by the wave equa‐
tion which results directly from Maxwell’s equations and characterizes the wave propaga‐
tion in a fiber as a dielectric wave guide in the form of a differential equation. In order to
solve the equation, the field distributions of all modes and the attendant propagation con‐
stants, which results from the use of the boundary conditions, have to be determined.

The wave equation is basically a vector differential equation which can, however, under the
condition of weak wave guidance be transformed into a scalar wave equation in which the
polarization of the wave plays no role whatsoever [19]. The prerequisite for the weak wave
guiding is that the refractive indices between the core and cladding hardly differ, being ful‐
filled quite well in silica fibers when the difference in refractive index between the core and
cladding region is below 1%. Calculations based on the scalar wave equation only show
very small inaccuracies with regards to the group delay. Then, the equations which describe
the electric and magnetic fields are decoupled so that you can write a scalar wave equation.
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To overcome and compensate for modal dispersion, the refractive index of the fiber core (or,
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To summarize, the different types of dispersion that appear in a MMF and their relation to
the fiber bandwidth are analyzed in Fig. 4. This figure reports the PF GIPOF chromatic and
modal dispersion and the total bandwidth of a 100m-long link as a function of the refractive
index profile, at a wavelength of 1300nm. Fig. 4(b) depicts the corresponding 3-dBo (3-dB
optical bandwidth) baseband bandwidth, related to Fig. 4(a). These plots are based on the
same analysis of Fig. 3, which assumed a uniform excitation and neglected both the DMA
and mode coupling effects. From these figures, the chromatic bandwidth is seen to show lit‐
tle dependence on α, which means that the material dispersion is the dominant contribution
(with regards to the profile dispersion) in the transmission window considered. On the oth‐
er hand, the modal bandwidth shows a highly peaked resonance with α. This is the well
known characteristic feature of the grading. With the present choice of parameters values,
that maximum bandwidth (i.e. minimum dispersion) approximately occurs at 2.18 at
1300nm, as shown in Fig. 4(a). Furthermore, the presence of crossover points (namely α1 and
α2) shows that the total bandwidth may be limited either by the modal dispersion or the
chromatic dispersion depending on the value of the refractive index profile. Focusing on
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Fig. 4(a), the chromatic dispersion will essentially limit the total bandwidth for α1 <α <α2,
whilst for α <α1 or α >α2 the modal dispersion will cause the main limitation. In other words,
when the index exponent is around the optimum value (α-resonance), the modal dispersion
effect on the possible 3-dB bandwidth (and so on the bit rate) is minimized and the chromat‐
ic dispersion dominates this performance. On the other hand, when the index exponent is
deviated from the optimum, the modal dispersion increases becoming the main source of
bandwidth limitation.
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Figure 4. (a) Dispersion effects versus refractive index profile for a 100m-long PF GIPOF, assuming equal power in all
modes and a 1300nm light source with 1nm of spectral linewidth. Inset: zoom near the optimum profile region. (b)
Corresponding 3-dBo bandwidth. (—) Total dispersion ; (- -) Modal dispersion ; (---) Chromatic dispersion.

It is also noteworthy that, since the PF polymer has low material and profile dispersions and
the wavelength dependence of the optimum profile is decreased, a high bandwidth per‐
formance can be maintained over a wide wavelength range, compared to multimode silica
or PMMA-based GIPOF fibers.

2.2.1. Dispersion modelling approach

The propagation characteristics of optical fibers are generally described by the wave equa‐
tion which results directly from Maxwell’s equations and characterizes the wave propaga‐
tion in a fiber as a dielectric wave guide in the form of a differential equation. In order to
solve the equation, the field distributions of all modes and the attendant propagation con‐
stants, which results from the use of the boundary conditions, have to be determined.

The wave equation is basically a vector differential equation which can, however, under the
condition of weak wave guidance be transformed into a scalar wave equation in which the
polarization of the wave plays no role whatsoever [19]. The prerequisite for the weak wave
guiding is that the refractive indices between the core and cladding hardly differ, being ful‐
filled quite well in silica fibers when the difference in refractive index between the core and
cladding region is below 1%. Calculations based on the scalar wave equation only show
very small inaccuracies with regards to the group delay. Then, the equations which describe
the electric and magnetic fields are decoupled so that you can write a scalar wave equation.
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The models based on the solution of the wave equation in the form of a mode solver differ
fundamentally only in regard to the solution method and whether or not you are proceeding
from a more computer-intensive vector wave equation or the more usual scalar wave equa‐
tion. In the technical literature solutions for the vector wave equation with the aid of finite
element method (FEM) [20], with finite differences (Finite Difference Time Domain Method -
FDTD) [21] and the beam propagation method (BPM) [22] are well known. These are gener‐
ally used for very small, mostly singlemode waveguides in which polarization
characteristics play a role. Multimode fibers (including polymer fibers) are quite large and
the polarization of light counts for only a few centimeters. That is why analytical estimations
of the scalar wave equation, the so-called WKB (Wentzel-Kramers-Brillouin, from whom the
name derives) Method and Ray Tracing [23], are primarily used for the modeling of multi‐
mode fibers. In the latter, the propagating light through an optical system can be seen as the
propagation of individual light rays following a slightly different path; these paths can be
calculated using standard geometrical optics.

Focusing on the WKB method, the latter primarily makes available expressions, that can be
calculated efficiently, for describing the propagations constants and group delays of the
propagating modes within the fiber. In this method, whereas the field distributions in step
index profile fibers can be determined analytically, the refractive index distribution over the
radius of a graded index fiber can generally be described with a power-law, as Eq. 2 states.
Fibers with power-law profiles possess the characteristic that the modes can be put in mode
groups which have the same propagation constant and also similar mode delay (at least for
exponents close to α =2). The propagation times of the modes are only then dependent on
the propagation constant and then the group delay can be determined with the aid of the
WKB Method by differentiating the propagation constant from the angular frequency [24].
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where r is the offset distance from the core center, a is the fiber core radius (i.e. the radius at
which the index n(r , λ) reaches the cladding value n2(λ)=n1(λ) 1−2Δ(λ) 1/2), n1(λ) is the re‐
fractive index in the fiber core center, λ is the free space wavelength of the fiber excitation
light, α is the refractive index exponent and Δ(λ) is the relative refractive index difference
between the core and the cladding. It is usually assumed that the core and cladding refrac‐
tive index materials follow a three-term Sellmeier function of wavelength [25] given by:
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where Ai ,k  and λi ,k  are the oscillator strength and the oscillator wavelength, respectively
(both parameters are often gathered under the term of Sellmeier constants).

On the other hand, from the WKB analysis, the modal propagation constants can be approx‐
imately derived as following [26], in which each guided mode has its own propagation con‐
stant and therefore propagates at its own particular velocity:
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where m stands for the principal mode number [27] and k =2π /λ is the free space wave‐
number. This so-called principal mode number (mode group number or mode number) can
be defined as m =2μ + ν + 1 in which the parameters μ and ν are referred to as radial and azi‐
muthal mode number, respectively. Physically, μ and ν represent the maximum intensities
that may appear in the radial and azimuthal direction in the field intensities of a given
mode. For a deeper analysis works reported in [28, 29] are recommended. On the other
hand, M (α, λ) is the total number of mode groups that can be potentially guided in the fi‐
ber, given by [26]:
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As a consequence of Eq. 4, the delay time τ(m, λ) of a mode depends only on its principal
mode number. It should be mentioned that the differences in modal delay are those that de‐
termine the modal dispersion. The delay time of the guided modes (or modal delay per unit
length) can be derived from Eq. 4 using the definition:
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where c is the speed of light in vacuum, deriving in:
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where ε(λ) is the profile dispersion parameter given by [30]:
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from a more computer-intensive vector wave equation or the more usual scalar wave equa‐
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element method (FEM) [20], with finite differences (Finite Difference Time Domain Method -
FDTD) [21] and the beam propagation method (BPM) [22] are well known. These are gener‐
ally used for very small, mostly singlemode waveguides in which polarization
characteristics play a role. Multimode fibers (including polymer fibers) are quite large and
the polarization of light counts for only a few centimeters. That is why analytical estimations
of the scalar wave equation, the so-called WKB (Wentzel-Kramers-Brillouin, from whom the
name derives) Method and Ray Tracing [23], are primarily used for the modeling of multi‐
mode fibers. In the latter, the propagating light through an optical system can be seen as the
propagation of individual light rays following a slightly different path; these paths can be
calculated using standard geometrical optics.

Focusing on the WKB method, the latter primarily makes available expressions, that can be
calculated efficiently, for describing the propagations constants and group delays of the
propagating modes within the fiber. In this method, whereas the field distributions in step
index profile fibers can be determined analytically, the refractive index distribution over the
radius of a graded index fiber can generally be described with a power-law, as Eq. 2 states.
Fibers with power-law profiles possess the characteristic that the modes can be put in mode
groups which have the same propagation constant and also similar mode delay (at least for
exponents close to α =2). The propagation times of the modes are only then dependent on
the propagation constant and then the group delay can be determined with the aid of the
WKB Method by differentiating the propagation constant from the angular frequency [24].
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where r is the offset distance from the core center, a is the fiber core radius (i.e. the radius at
which the index n(r , λ) reaches the cladding value n2(λ)=n1(λ) 1−2Δ(λ) 1/2), n1(λ) is the re‐
fractive index in the fiber core center, λ is the free space wavelength of the fiber excitation
light, α is the refractive index exponent and Δ(λ) is the relative refractive index difference
between the core and the cladding. It is usually assumed that the core and cladding refrac‐
tive index materials follow a three-term Sellmeier function of wavelength [25] given by:
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where Ai ,k  and λi ,k  are the oscillator strength and the oscillator wavelength, respectively
(both parameters are often gathered under the term of Sellmeier constants).

On the other hand, from the WKB analysis, the modal propagation constants can be approx‐
imately derived as following [26], in which each guided mode has its own propagation con‐
stant and therefore propagates at its own particular velocity:
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where m stands for the principal mode number [27] and k =2π /λ is the free space wave‐
number. This so-called principal mode number (mode group number or mode number) can
be defined as m =2μ + ν + 1 in which the parameters μ and ν are referred to as radial and azi‐
muthal mode number, respectively. Physically, μ and ν represent the maximum intensities
that may appear in the radial and azimuthal direction in the field intensities of a given
mode. For a deeper analysis works reported in [28, 29] are recommended. On the other
hand, M (α, λ) is the total number of mode groups that can be potentially guided in the fi‐
ber, given by [26]:
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As a consequence of Eq. 4, the delay time τ(m, λ) of a mode depends only on its principal
mode number. It should be mentioned that the differences in modal delay are those that de‐
termine the modal dispersion. The delay time of the guided modes (or modal delay per unit
length) can be derived from Eq. 4 using the definition:
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where ε(λ) is the profile dispersion parameter given by [30]:

Multimode Graded-Index Optical Fibers for Next-Generation Broadband Access
http://dx.doi.org/10.5772/54245

85



1

1

( )
2 ( )

( )
( ) ( )

d
n d

N

l
ll le l

l l

D

= -
D

(8)

and N1(λ) is the material group index defined by:

1
1 1

( )
( ) ( )

dn
N n

d

l
l l l

l
= - (9)

2.3. Differential mode attenuation

The distribution of the power among the different modes propagating through the fiber will
also be affected by the Differential Mode Attenuation (DMA), also called mode-dependent
attenuation, which causes the attenuation coefficient to vary from mode to mode in a differ‐
ent manner. It originates from conventional loss mechanisms that are present in usual opti‐
cal fibers such as absorption, Rayleigh scattering [31] or losses on reflection at the core-
cladding interface [32]. The following functional expression or empirical formula for the
DMA is proposed, in which the DMA increases when incresing the mode order [33]:
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where αo(λ) is the attenuation of low-order modes (i.e intrinsic fiber attenuation), Iρ is the ρ-
th order modified Bessel function of the first kind and η is a weighting constant. This empir‐
ical formula is set up by noticing that most measured DMA data displayed in the literature
for long wavelengths conform to the shape of modified Bessel functions [31, 34, 35]. It is also
worth mentioning that, during propagation, modes with fastest power loss may be stripped
off or attenuated so strongly that they no longer significantly contribute to the dispersion. In
other words, the DMA is a filtering effect, which may yield a certain bandwidth enhance‐
ment depending on the launching conditions and the transmission length. From Fig. 5 it can
be seen that low-order mode groups show similar attenuation (intrinsic fiber attenuation)
whereas for high-order mode groups attenuation increases rapidly.

2.4. Mode coupling

Mode coupling is rather a statistical process in which modes exchange power with each oth‐
er. Due to the mode coupling, the optical energy of the low-order modes would be coupled
to higher-order modes, even if only the low-order modes would have launched selectively.
This effect generally occurs through irregularities in the fiber, whether they are roughness of
the core-cladding interface or impurities in the core material leading, for instance, to refrac‐
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tive index fluctuations. This effect can therefore only be described with statistical means. In
addition, it is agreed that silica-based MMFs exhibit far less mode coupling compared to
POF fibers [36]. This is attributed to the difference in the material properties.

The main effects for generating mode coupling are Rayleigh and Mie scattering which differ
in the size of the scattering centers. Rayleigh scattering arises through the molecular struc‐
ture of matter which is why no material can have perfectly homogenous properties. Its opti‐
cal density fluctuates around a mean value which represents the refractive index of the
material. These fluctuations are very small and have typical sizes in the range of molecules
(<μm). Rayleigh scattering depends on the wavelength and decreases with greater wave‐
lengths as of the fourth power (∼λ −4). In constrast, Mie scattering comes from the fluctua‐
tions of the refractive index which has greater typical lengths that mostly come about
because of impurities in the material such as air bubbles or specks of dust which are large
compared with the wavelength of light. The ensuing scattering has more of an effect on the
direction of propagation of the light and is independent of the wavelength. Thinking of
these aspects mode coupling reveals itself as a complex process which plays a great role in
polymer fibers.

There are some approaches for the modeling of mode coupling which cannot be applied
equally well in all propagation models [37, 38] while some descriptions present themselves
rather in mode models [39]. Moreover, the coupling coefficients which describe the coupling
between modes can either be described by analytical attempts which are based on observa‐
tions of mode overlapping [40, 41]. However, it is demonstrated that in real fibers only very
few modes effectively interact with each other and, moreover, neighboring or adjacent
modes (those with similar propagation constants, modes m and m±1, respectively) primarily
show strong mode coupling [42, 43]. As a matter of fact, larger core refractive index and
higher fiber numerical aperture (NA) values are expected to decrease the mode coupling in
GIPOFs. In addition, larger mode coupling effects are observed in SIPOFs compared to that
GIPOFs counterparts.
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Figure 5. (a) Differential mode attenuation (DMA) as a function of the normalized mode order m/M for a PF GIPOF
with a=250µm, α=2, and λ=1300nm. An intrinsic attenuation of 60dB/km@1300nm has been considered. (b) Differ‐
ential mode attenuation (DMA) as a function of the normalized mode order m/M for a silica MMF with a=31.25µm,
α=2, and λ=1300nm. An intrinsic attenuation of 0.55dB/km@1300nm has been considered.
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2.3. Differential mode attenuation

The distribution of the power among the different modes propagating through the fiber will
also be affected by the Differential Mode Attenuation (DMA), also called mode-dependent
attenuation, which causes the attenuation coefficient to vary from mode to mode in a differ‐
ent manner. It originates from conventional loss mechanisms that are present in usual opti‐
cal fibers such as absorption, Rayleigh scattering [31] or losses on reflection at the core-
cladding interface [32]. The following functional expression or empirical formula for the
DMA is proposed, in which the DMA increases when incresing the mode order [33]:
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where αo(λ) is the attenuation of low-order modes (i.e intrinsic fiber attenuation), Iρ is the ρ-
th order modified Bessel function of the first kind and η is a weighting constant. This empir‐
ical formula is set up by noticing that most measured DMA data displayed in the literature
for long wavelengths conform to the shape of modified Bessel functions [31, 34, 35]. It is also
worth mentioning that, during propagation, modes with fastest power loss may be stripped
off or attenuated so strongly that they no longer significantly contribute to the dispersion. In
other words, the DMA is a filtering effect, which may yield a certain bandwidth enhance‐
ment depending on the launching conditions and the transmission length. From Fig. 5 it can
be seen that low-order mode groups show similar attenuation (intrinsic fiber attenuation)
whereas for high-order mode groups attenuation increases rapidly.

2.4. Mode coupling

Mode coupling is rather a statistical process in which modes exchange power with each oth‐
er. Due to the mode coupling, the optical energy of the low-order modes would be coupled
to higher-order modes, even if only the low-order modes would have launched selectively.
This effect generally occurs through irregularities in the fiber, whether they are roughness of
the core-cladding interface or impurities in the core material leading, for instance, to refrac‐
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tive index fluctuations. This effect can therefore only be described with statistical means. In
addition, it is agreed that silica-based MMFs exhibit far less mode coupling compared to
POF fibers [36]. This is attributed to the difference in the material properties.

The main effects for generating mode coupling are Rayleigh and Mie scattering which differ
in the size of the scattering centers. Rayleigh scattering arises through the molecular struc‐
ture of matter which is why no material can have perfectly homogenous properties. Its opti‐
cal density fluctuates around a mean value which represents the refractive index of the
material. These fluctuations are very small and have typical sizes in the range of molecules
(<μm). Rayleigh scattering depends on the wavelength and decreases with greater wave‐
lengths as of the fourth power (∼λ −4). In constrast, Mie scattering comes from the fluctua‐
tions of the refractive index which has greater typical lengths that mostly come about
because of impurities in the material such as air bubbles or specks of dust which are large
compared with the wavelength of light. The ensuing scattering has more of an effect on the
direction of propagation of the light and is independent of the wavelength. Thinking of
these aspects mode coupling reveals itself as a complex process which plays a great role in
polymer fibers.

There are some approaches for the modeling of mode coupling which cannot be applied
equally well in all propagation models [37, 38] while some descriptions present themselves
rather in mode models [39]. Moreover, the coupling coefficients which describe the coupling
between modes can either be described by analytical attempts which are based on observa‐
tions of mode overlapping [40, 41]. However, it is demonstrated that in real fibers only very
few modes effectively interact with each other and, moreover, neighboring or adjacent
modes (those with similar propagation constants, modes m and m±1, respectively) primarily
show strong mode coupling [42, 43]. As a matter of fact, larger core refractive index and
higher fiber numerical aperture (NA) values are expected to decrease the mode coupling in
GIPOFs. In addition, larger mode coupling effects are observed in SIPOFs compared to that
GIPOFs counterparts.
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Figure 5. (a) Differential mode attenuation (DMA) as a function of the normalized mode order m/M for a PF GIPOF
with a=250µm, α=2, and λ=1300nm. An intrinsic attenuation of 60dB/km@1300nm has been considered. (b) Differ‐
ential mode attenuation (DMA) as a function of the normalized mode order m/M for a silica MMF with a=31.25µm,
α=2, and λ=1300nm. An intrinsic attenuation of 0.55dB/km@1300nm has been considered.
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Mode coupling alters the achievable bandwidth of a multimode fiber. According to the laws
of statistics, the differential delay (or more precisely, the standard deviation) between the
different propagating modes does not increase in a linear relationship to the length but ap‐
proximately only proportional to the square root of the length. The best known approach for
approximately determining the coupling length of the fiber is the description with the aid of
a length-dependent bandwidth, in the way BW ∝ L γ. Here the coupling length is the point
in which the linear decrease (γ ≈ −1) in the bandwidth turns to a root dependency (γ ≈ −0.5)
under mode coupling. From this point, a state of equilibrium arises through mode coupling
effects. Typical values of coupling length in silica-based GI-MMFs are in the order of units
of kilometers [44] whereas in the case of PF GIPOFs usually range from 50m up to 150m.

3. Multimode optical fiber capabilities

Emerging themes in next-generation access (NGA) research include convergence technolo‐
gies, in which wireline-wireless convergence is addressed by Radio-over-Fiber (RoF) tech‐
nologies. Photonics will transport gigabit data across the access network, but the final link to
the end-user (measured in distances of metres, rather than km's) could well be wireless,
with portable/mobile devices converging with photonics. RoF technologies can address the
predicted multi-Gbps data wave, whilst conforming to reduced carbon footprints (i.e. green
telecoms). NGA networks will provide a common resource, with passive optical networks
(PONs) supplying bandwidth to buildings, and offering optical backhaul for such systems.

Parameter Remarks

Transmission distances Typ. <10km, max. 20km, e.g. for alternative topologies

Peak data rate 100Mbps (private customers)

Nx1 Gbps up to 10Gbps (business)

Temperature range Controlled: +10ºC to +50ºC

Uncontrolled operation in buildings: -5ºC to +85ºC

Uncontrolled operation in the field: -33ºC to +85ºC

Long lifetime

Humidity and vibrations (shock) have to be considered at non-weather protected locations

No optical amplifiers in the field

No optical dispersion compensation

Table 1. Access network requirements.

It has been indicated by several roadmaps that the peak link data rate should be at least
100Mbps (symmetrical) for private customers and 1 to 10Gbps for business applications. In‐
herent access network requirements are highlighted in Table 1. These hundreds of megabits
per second per user are reasonably reachable in the coming future and the Fiber To The

Current Developments in Optical Fiber Technology88

Home (FTTH, or some intermediate version such as FTT-curb) network constitutes a fiber
access network, connecting a large number of end users to a central point, commonly known
as an access node. Each access node will contain the required active transmission equipment
used to provide the applications and services over optical fiber to the subscriber.

On the one hand, Ethernet is the most widespread wired LAN technology, including in-
home networks, and the development of Ethernet standards goes hand in hand with the
adoption and development of improved MMF channels [45]. And Ethernet standards for
1Gbps and 10Gbps designed for multimode and singlemode fibers are now in use. Table 2
shows the minimum performance specified by IEEE 802.3 standard for the various interfa‐
ces. For example, 10-Gigabit Ethernet (GbE) standard operating at 10.3125Gbps@1300nm
supports a range of transmission lengths of 300m over multimode silica fiber and 10km over
singlemode silica fiber. Actually OM4 fiber type is under consideration although is not yet
within a published standard. OM4 fiber type defines a 50μm core diameter MMF with a
minimum modal bandwidth (under OverFilled Launching condition, OFL) of 3500MHz‧
km@850nm and 500MHz‧km@1300nm, respectively. Nevertheless, data rate transmission re‐
search achievements are not at par as those covered by the standard and report even greater
values. Some significant works are reported in [46-48]. Different techniques or even a combi‐
nation of some of them were applied to achieved these transmission records. Some of them
will be briefly discussed in next section.

Fiber type

10GBaseSR

850nm

Modal Bandwidth /

Operating Range

(MHz·km)/(Meters)

10GBaseLR(/ER)

850nm

Modal Bandwidth /

Operating Range

(MHz·km)/(Km)

10GBaseLRM

1300nm

Modal Bandwidth /Operating

Range

(MHz·km)/ (Meters)

62.5µm* 160/26 n.a. n.a.

62.5µm (OM-1)** 200/33 n.a. 500/300

50µm 400/66 n.a. 400/240

50µm (OM-2) 500/82 n.a. 500/300

50µm (OM-3) 2000/300. n.a. 500/300

SMF n.a.*** 10 (/40) n.a/10000.

*TIA (Telecommunications Industry Association), Document 492AAAA compliance. Commonly referred to as 'FDDI-
grade' fiber.

** ISO (International Standards Organization), Document 11801 compliance.

*** n.a.: not available.

Table 2. 10-Gigabit Ethernet transmission over fiber standards (IEEE 802.3aq). Approved in 2006.

Figure 6 provides a brief description of the current 10GbE and the possible future Ethernet
standards over copper and fiber links [6]. The trend of extending the reach and data rate of
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nologies. Photonics will transport gigabit data across the access network, but the final link to
the end-user (measured in distances of metres, rather than km's) could well be wireless,
with portable/mobile devices converging with photonics. RoF technologies can address the
predicted multi-Gbps data wave, whilst conforming to reduced carbon footprints (i.e. green
telecoms). NGA networks will provide a common resource, with passive optical networks
(PONs) supplying bandwidth to buildings, and offering optical backhaul for such systems.
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Uncontrolled operation in the field: -33ºC to +85ºC

Long lifetime

Humidity and vibrations (shock) have to be considered at non-weather protected locations

No optical amplifiers in the field

No optical dispersion compensation

Table 1. Access network requirements.

It has been indicated by several roadmaps that the peak link data rate should be at least
100Mbps (symmetrical) for private customers and 1 to 10Gbps for business applications. In‐
herent access network requirements are highlighted in Table 1. These hundreds of megabits
per second per user are reasonably reachable in the coming future and the Fiber To The
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Home (FTTH, or some intermediate version such as FTT-curb) network constitutes a fiber
access network, connecting a large number of end users to a central point, commonly known
as an access node. Each access node will contain the required active transmission equipment
used to provide the applications and services over optical fiber to the subscriber.

On the one hand, Ethernet is the most widespread wired LAN technology, including in-
home networks, and the development of Ethernet standards goes hand in hand with the
adoption and development of improved MMF channels [45]. And Ethernet standards for
1Gbps and 10Gbps designed for multimode and singlemode fibers are now in use. Table 2
shows the minimum performance specified by IEEE 802.3 standard for the various interfa‐
ces. For example, 10-Gigabit Ethernet (GbE) standard operating at 10.3125Gbps@1300nm
supports a range of transmission lengths of 300m over multimode silica fiber and 10km over
singlemode silica fiber. Actually OM4 fiber type is under consideration although is not yet
within a published standard. OM4 fiber type defines a 50μm core diameter MMF with a
minimum modal bandwidth (under OverFilled Launching condition, OFL) of 3500MHz‧
km@850nm and 500MHz‧km@1300nm, respectively. Nevertheless, data rate transmission re‐
search achievements are not at par as those covered by the standard and report even greater
values. Some significant works are reported in [46-48]. Different techniques or even a combi‐
nation of some of them were applied to achieved these transmission records. Some of them
will be briefly discussed in next section.
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50µm 400/66 n.a. 400/240
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50µm (OM-3) 2000/300. n.a. 500/300

SMF n.a.*** 10 (/40) n.a/10000.

*TIA (Telecommunications Industry Association), Document 492AAAA compliance. Commonly referred to as 'FDDI-
grade' fiber.

** ISO (International Standards Organization), Document 11801 compliance.

*** n.a.: not available.

Table 2. 10-Gigabit Ethernet transmission over fiber standards (IEEE 802.3aq). Approved in 2006.

Figure 6 provides a brief description of the current 10GbE and the possible future Ethernet
standards over copper and fiber links [6]. The trend of extending the reach and data rate of
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the links is obvious in the previous standards and the 10GbE standards shown in the figure.
Although the twisted pair of copper wires is a relatively low-cost and low-power solution
compared to the MMF solutions, the motivation for the transition from the copper-based
links to the MMF links is their much higher available bandwidth. However, the need for
even higher performance MMF solutions is apparent, and much more is to be expected, for
example, with new ultra-HDTV format such as 4K (4000 horizontal pixels, with an expected
increase in the required bandwidth of a factor of approximately 16).
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Figure 6. Gigabit Ethernet (10GbE) standards over MMF and copper links [44].

On the other hand, another important point in access networks communications is within
the field of the wireless signal transmission (for both mobile and data communication),
namely Wireless Local Area Networks (WLANs). Wireless technologies are developing fast
but there is a need to link base stations/servers to the antenna by using fixed links together
with the future exploitation of capacities well beyond present day standards
(IEEE802.11a/b/g), which offer up to 54Mbps and operate at 2.4GHz and 5GHz, as well as
3G mobile networks such as IMT2000/UMTS4, which offer up to 2Mbps and operate around
2GHz. Moreover, IEEE802.16, otherwise known as WiMAX, is another recent standard aim‐
ing to bridge the last mile through mobile and fixed wireless access to the end user at fre‐
quencies between 2-11GHz. In addition, WiMAX also aims to provide Fixed Wireless Access
at bit-rate in the excess of 100Mbps and at higher frequencies between 10-66GHz. All these
services use signals at the radio-frequency (RF) level that are analogue in nature, at least in
the sense that they cannot be carried directly by digital baseband modulation. Optical ca‐
bling solutions can also offer the possibility for semi-transparent transport of these signals

4 IMT2000: International Mobile Telecommunications-2000 ; UMTS:Universal Mobile Telecommunications System.
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by using Radio-over-Fiber (RoF) technology. This RoF technology has been proposed as a
solution for reducing overall system complexity by transferring complicated RF modem and
signal processing functions from radio access points (RAPs) to a centralised control station
(CS), thereby reducing system-wide installation and maintenance costs. Furthermore, al‐
though RoF in combination with multimode fibers can be deployed within homes and office
buildings for baseband digital data transmission within the Ultra Wide Band (UWB), in gen‐
eral low carrier frequencies offer low bandwidth and the 6GHz UWB unlicensed low band is
not available worldwide due to coexistence concerns [49]. These include radio and TV
broadcasts, and systems for (vital) communication services such as airports, police and fire,
amateur radio users and many others. In contrast, the 60 GHz-band, within millimetre
wave, offers much greater opportunities as the resulting high radio propagation losses lead
to numerous pico-cell sites and thus to numerous radio access points due to the limited cell
coverage. These pico-cells are a natural way to increase capacity (i.e. to accommodate more
users) and to enable better frequency spectrum utilisation. Therefore, for broadband wire‐
less communication systems to offer the needed high capacity, it appears inevitable to in‐
crease the carrier frequencies even to the range of millimetre-wave and to reduce cell sizes
[50]. Considering in-house wireless access networks, coaxial cable is very lossy at such fre‐
quencies and the bulk of the installed base of in-building fiber is silica-based MMF. Mean‐
while PF GIPOF is also emerging as an attractive alternative, due to the aforementioned low
cost potential and easier handling required in in-building networks. It is also mandatory to
overcome the modal bandwidth limitation in multimode fibers to deliver modulated high
frequency carriers to remote access points.

Following on this, it should be mentioned that PF GIPOFs have been demonstrated capable
for transmission of tens of Gbps over distances of hundreds of meters. Some examples are
reported in [51-53] in which more than 40Gbps over 100m of PF GIPOF are reported. An
overview of some significant works over the years regarding GIPOF transmission can be
seen in [54]. This is in contrast with all commercially available step-index POFs (SIPOFs) in
which the bandwidth of transmission is limited to about 5MHz‧km [6] due to modal disper‐
sion. Therefore, even in the short-range communication scenario, the SIPOF is not able to
cover the data rate of more than 100Mbps that would be necessary in many standards of the
telecommunication area. Therefore, the SIPOF is mainly aimed at very short-range data-
range transmission (less than 50m), image guiding and illumination.

3.1. Multimode optical fiber expanded capabilities

Although multimode fibers, both silica-based and polymer-based counterparts, are the best
candidate for the convergence and achievement of a full service access network context, it
has been previously addressed their main disadvantage concerning the limited bandwidth
performance, limited by modal dispersion. For instance, for standard 62.5/125μm silica-
based MMFs, the minimum bandwidths are only specified to be 200MHz‧km and 500MHz‧
km (up to 800MHz‧km) in the 850nm and 1300nm transmission windows, respectively, un‐
der OverFilled Launch (OFL) condition5. Even though these specifications do satisfy the in‐
formation rate of many classical short-range links, it is clear that a 2km-long campus
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the links is obvious in the previous standards and the 10GbE standards shown in the figure.
Although the twisted pair of copper wires is a relatively low-cost and low-power solution
compared to the MMF solutions, the motivation for the transition from the copper-based
links to the MMF links is their much higher available bandwidth. However, the need for
even higher performance MMF solutions is apparent, and much more is to be expected, for
example, with new ultra-HDTV format such as 4K (4000 horizontal pixels, with an expected
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Optical Fiber 18 

50µm (OM-2) 500/82 n.a. 500/300 

50µm (OM-3) 2000/300. n.a. 500/300 

SMF n.a. 6 10 (/40) n.a/10000. 

Table 2. 10-Gigabit Ethernet transmission over fiber standards (IEEE 802.3aq). Approved in 

2006. 

Figure 6 provides a brief description of the current 10GbE and the possible future Ethernet 

standards over copper and fiber links [6]. The trend of extending the reach and data rate of 

the links is obvious in the previous standards and the 10GbE standards shown in the figure. 

Although the twisted pair of copper wires is a relatively low-cost and low-power solution 

compared to the MMF solutions, the motivation for the transition from the copper-based 

links to the MMF links is their much higher available bandwidth. However, the need for 

even higher performance MMF solutions is apparent, and much more is to be expected, for 

example, with new ultra-HDTV format such as 4K (4000 horizontal pixels, with an expected 

increase in the required bandwidth of a factor of approximately 16). 

 

Fig. 6. . 10 Gigabit Ethernet (10GbE) standards over MMF and copper links [44]. 

On the other hand, another important point in access networks communications is within 

the field of the wireless signal transmission (for both mobile and data communication), 

namely Wireless Local Area Networks (WLANs). Wireless technologies are developing fast 

but there is a need to link base stations/servers to the antenna by using fixed links together 

with the future exploitation of capacities well beyond present day standards 

(IEEE802.11a/b/g), which offer up to 54Mbps and operate at 2.4GHz and 5GHz, as well as 

3G mobile networks such as IMT2000/UMTS7, which offer up to 2Mbps and operate around 

2GHz. Moreover, IEEE802.16, otherwise known as WiMAX, is another recent standard 

                                                                        

6
  n.a.: not available. 

7
 IMT2000: International Mobile Telecommunications-2000 ; UMTS:Universal Mobile 

Telecommunications System. 

2002 2003 2004 2005 2006 2007 2008 2009 2010

0

2000

4000

6000

8000

10000

12000

Year

B
it
 r
a
t
e
-
d
is
t
a
n
c
e
(
G
b
p
s
·
m
)

MMF

Cu

10GBASE-LX4 (802.3ae)

4x3.125Gbps, 300m

10GBASE-SR (802.3ae)

10Gbps, 82m

10GBASE-CX4 (802.3ak)

4x3.125Gbps, 15m

10GBASE-LRM (802.3aq)

10Gbps, 220m

10GBASE-T (802.3an)

10Gbps, 100m

100GBASE-SR10 (802.3 ba)

100Gbps, 125m OM4

100GBASE-SR410(802.3 ba)

100Gbps, 100m OM3

40GBASE-SR4 (802.3 ba)

40Gbps, 125m OM4

100GBASE-CR10 (802.3ba)

100Gbps, 10m

40GBASE-CR4 (802.3 ba)

40Gbps, 10m

40GBASE-SR4 (802.3 ba)

40Gbps, 100m OM3

Figure 6. Gigabit Ethernet (10GbE) standards over MMF and copper links [44].

On the other hand, another important point in access networks communications is within
the field of the wireless signal transmission (for both mobile and data communication),
namely Wireless Local Area Networks (WLANs). Wireless technologies are developing fast
but there is a need to link base stations/servers to the antenna by using fixed links together
with the future exploitation of capacities well beyond present day standards
(IEEE802.11a/b/g), which offer up to 54Mbps and operate at 2.4GHz and 5GHz, as well as
3G mobile networks such as IMT2000/UMTS4, which offer up to 2Mbps and operate around
2GHz. Moreover, IEEE802.16, otherwise known as WiMAX, is another recent standard aim‐
ing to bridge the last mile through mobile and fixed wireless access to the end user at fre‐
quencies between 2-11GHz. In addition, WiMAX also aims to provide Fixed Wireless Access
at bit-rate in the excess of 100Mbps and at higher frequencies between 10-66GHz. All these
services use signals at the radio-frequency (RF) level that are analogue in nature, at least in
the sense that they cannot be carried directly by digital baseband modulation. Optical ca‐
bling solutions can also offer the possibility for semi-transparent transport of these signals
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by using Radio-over-Fiber (RoF) technology. This RoF technology has been proposed as a
solution for reducing overall system complexity by transferring complicated RF modem and
signal processing functions from radio access points (RAPs) to a centralised control station
(CS), thereby reducing system-wide installation and maintenance costs. Furthermore, al‐
though RoF in combination with multimode fibers can be deployed within homes and office
buildings for baseband digital data transmission within the Ultra Wide Band (UWB), in gen‐
eral low carrier frequencies offer low bandwidth and the 6GHz UWB unlicensed low band is
not available worldwide due to coexistence concerns [49]. These include radio and TV
broadcasts, and systems for (vital) communication services such as airports, police and fire,
amateur radio users and many others. In contrast, the 60 GHz-band, within millimetre
wave, offers much greater opportunities as the resulting high radio propagation losses lead
to numerous pico-cell sites and thus to numerous radio access points due to the limited cell
coverage. These pico-cells are a natural way to increase capacity (i.e. to accommodate more
users) and to enable better frequency spectrum utilisation. Therefore, for broadband wire‐
less communication systems to offer the needed high capacity, it appears inevitable to in‐
crease the carrier frequencies even to the range of millimetre-wave and to reduce cell sizes
[50]. Considering in-house wireless access networks, coaxial cable is very lossy at such fre‐
quencies and the bulk of the installed base of in-building fiber is silica-based MMF. Mean‐
while PF GIPOF is also emerging as an attractive alternative, due to the aforementioned low
cost potential and easier handling required in in-building networks. It is also mandatory to
overcome the modal bandwidth limitation in multimode fibers to deliver modulated high
frequency carriers to remote access points.

Following on this, it should be mentioned that PF GIPOFs have been demonstrated capable
for transmission of tens of Gbps over distances of hundreds of meters. Some examples are
reported in [51-53] in which more than 40Gbps over 100m of PF GIPOF are reported. An
overview of some significant works over the years regarding GIPOF transmission can be
seen in [54]. This is in contrast with all commercially available step-index POFs (SIPOFs) in
which the bandwidth of transmission is limited to about 5MHz‧km [6] due to modal disper‐
sion. Therefore, even in the short-range communication scenario, the SIPOF is not able to
cover the data rate of more than 100Mbps that would be necessary in many standards of the
telecommunication area. Therefore, the SIPOF is mainly aimed at very short-range data-
range transmission (less than 50m), image guiding and illumination.

3.1. Multimode optical fiber expanded capabilities

Although multimode fibers, both silica-based and polymer-based counterparts, are the best
candidate for the convergence and achievement of a full service access network context, it
has been previously addressed their main disadvantage concerning the limited bandwidth
performance, limited by modal dispersion. For instance, for standard 62.5/125μm silica-
based MMFs, the minimum bandwidths are only specified to be 200MHz‧km and 500MHz‧
km (up to 800MHz‧km) in the 850nm and 1300nm transmission windows, respectively, un‐
der OverFilled Launch (OFL) condition5. Even though these specifications do satisfy the in‐
formation rate of many classical short-range links, it is clear that a 2km-long campus
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backbone cannot be realized for operation at the speed of Gigabit Ethernet. This limited
bandwidth hampers the desired integration of multiple broadband services into a common
multimode fiber access or in-building/home network. Overcoming the bandwidth limitation
of such fibers requires the development of techniques oriented to extend the capabilities of
multimode fiber networks to attend the consumer’s demand for multimedia services.

Figure 7. Feeding microwave data signals over a multimode network by OFM technique.

Novel techniques to expand the MMF capabilities and surmount this bandwidth bottleneck
are continuously reported demonstrating that the frequency response of MMF does not di‐
minish monotonically to zero after the baseband bandwidth, but tends to have repeated
passbands beyond that [55]. In recent times, these high-order passbands and flat regions
have been used in research to transmit independent streams of data (digital or analogue)
complementary to the baseband bandwidth in order to exceed the aggregated transmission
capacity of MMF [56] as well as to transport microwave and mm-wave radio carriers, com‐
monly employed for creating high-capacity picocell wireless networks in RoF systems, as in
[57]. Related to this latter technique, the Optical Frequency Multiplying (OFM) is a method
by which a low-frequency RF signal is up-converted to a much higher microwave frequency
through optical signal processing [58]. At the headend station, a wavelength-tunable optical
source is used, of which the wavelength is periodically swept over a wavelength range with
a sweep fSW while keeeping its output power constant. The data is then impressed on this
wavelength-swept optical signal, see Fig. 7. After having passed through the optical fiber
link, the signal impinges on a periodic optical multi-passband filter (e.g. optical comb or
Fabry-Perot filter). In sweeping across N transmission peaks of this filter (back and forth
during one wavelength sweep cycle), light intensity burts arrive on the photodiode with a
frequency 2‧N‧fSW. Thus, the output signal of the photodiode contains a microwave frequen‐
cy component at the above frequency and higher harmonics of which the strength depends
on the bandpass characteristics of the periodic filter. Then, in order to select the desired har‐

5 ISO/IEC (International Standards Organization/International Electrotechnical Commission) 11801-“Generic cabling
for customer premises”.
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monic, a bandapss filtering plus some amplification could be implemented. Note that only
the optical sweep frequency is limited by the bandwidth of the optical fiber link, and that
microwave carrier frequency can exceed this bandwidth by far due to the optical frequency
multiplication mechanism. Extremely pure generated microwave signals have been demon‐
strated, notwithstanding a moderate laser spectral linewidth, due to the inherent phase
noise cancellation in the OFM technique [59, 60].

On the other hand, subcarrier multiplexing (SCM) is a mature, simple, and cost effective ap‐
proach for exploiting optical fiber bandwidth in analogue optical communication systems in
general and RoF systems in particular. This technique was firstly addressed at the end of the
1990's in [61], which also takes advantage of the relative flat passband channels existing in
the multimode fiber frequency response. Basically, in SCM, the RF signal (the subcarrier) is
used to modulate an optical carrier at the transmitter's side. As a result, there is an optical
spctrum consisting of the original optical carrier f0 plus two side-tones located at f0 ± fSC,
where fSC is the subcarrier frequency. If the subcarrier itlsef is modulated with data (either
analogue or digital), then sidebands centered on f0 ± fSC are produced. Finally, to multiplex
multiple channels on to one optical carrier, multiple subcarriers are first combined and then
used to modulate the optical carrier [62]. At the receiver's side the sucarriers are recovered
through direct detection. One of the main advantages of SCM is that it supports broadband
mixed mode data traffic with independent modulation format. Moreover, one subcarrier
may carry digital data, while another may be modulated with an analogue signal, such as
telephone traffic. However, the frequency ranges suitable for passband transmission vary
from fiber to fiber as well as with the fiber length, the launching conditions or if the fiber is
subjected to mechanical stress. Nevertheless, to overcome this limitation, an adaptative
channel/allocation system would be necessary. Another drawback is that being SCM an ana‐
logue communication technique, it becomes more sensitive to noise effects and distortions
due to non-linearities in the communications system.

It is worth noting that some other methods try to electrically improve this bandwidth per‐
formance using, for example, equalization techniques [63, 64]. In addition to, it is well known
than an m-ary digital modulation scheme with m>2 (multi-level coding) can enhance trans‐
mission capacity by overcoming the bandwidth limitations of a transmitter or a transmission
medium and, therefore, multilevel modulation schemes that are used in radio-frequency com‐
munications have also been demonstrated in fiber-optic links [65]. Other attempts to over‐
come the bandwidth limit includes selective excitation of a limited number of modes, so-
called Restricted Mode Launching (RML), in different ways: offset launch [66], conventional
center launch [67] or even by means of a twin-spot technique [68]. Since the propagating
modes are fewer under RML launch conditions, the difference in propagating times between
the fastest and slowest modes is smaller, thus decreasing modal dispersion and increasing the
corresponding bandwidth. In a similar way, Mode Group Diversity Multiplexing (MGDM)
[69, 70] can be applied, in which the bandwidth increase is achieved by injecting a small light
spot radially offset from the fiber core center thus limiting the number of modes excited with‐
in the fiber and, therefore, performing different simultaneous data transmission channels de‐
pending on the group of modes propagating. On the other hand, from the multimode fiber
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multiple channels on to one optical carrier, multiple subcarriers are first combined and then
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through direct detection. One of the main advantages of SCM is that it supports broadband
mixed mode data traffic with independent modulation format. Moreover, one subcarrier
may carry digital data, while another may be modulated with an analogue signal, such as
telephone traffic. However, the frequency ranges suitable for passband transmission vary
from fiber to fiber as well as with the fiber length, the launching conditions or if the fiber is
subjected to mechanical stress. Nevertheless, to overcome this limitation, an adaptative
channel/allocation system would be necessary. Another drawback is that being SCM an ana‐
logue communication technique, it becomes more sensitive to noise effects and distortions
due to non-linearities in the communications system.

It is worth noting that some other methods try to electrically improve this bandwidth per‐
formance using, for example, equalization techniques [63, 64]. In addition to, it is well known
than an m-ary digital modulation scheme with m>2 (multi-level coding) can enhance trans‐
mission capacity by overcoming the bandwidth limitations of a transmitter or a transmission
medium and, therefore, multilevel modulation schemes that are used in radio-frequency com‐
munications have also been demonstrated in fiber-optic links [65]. Other attempts to over‐
come the bandwidth limit includes selective excitation of a limited number of modes, so-
called Restricted Mode Launching (RML), in different ways: offset launch [66], conventional
center launch [67] or even by means of a twin-spot technique [68]. Since the propagating
modes are fewer under RML launch conditions, the difference in propagating times between
the fastest and slowest modes is smaller, thus decreasing modal dispersion and increasing the
corresponding bandwidth. In a similar way, Mode Group Diversity Multiplexing (MGDM)
[69, 70] can be applied, in which the bandwidth increase is achieved by injecting a small light
spot radially offset from the fiber core center thus limiting the number of modes excited with‐
in the fiber and, therefore, performing different simultaneous data transmission channels de‐
pending on the group of modes propagating. On the other hand, from the multimode fiber
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frequency response, the effect of having a wideband frequency-selective channel for data
transmission can be overcome by using orthogonal frequency-division multiplexing (OFDM).
In OFDM, the high-data-rate signal is error-correction encoded and then divided into many
low-data-rate signals. By doing this, the wideband frequency-selective channel is separated
into a series of many narrowband frequency-nonselective channels. OFDM technique has
been applied to fiber-optic transmission [71] and shown to offer some protection against the
frequency selectivity of a dispersive multimode fiber. Mode filtering techniques, either at the
fiber input [72] or its output [73] have also been applied.

As cost is a key issue in local and residential networks, the use of Wavelength Division Multi‐
plexing Passive Optical Network (WDM-PON) architectures for distribution of RoF signals
has gained importance recently as WDM enables the efficient exploitation of the fiber net‐
work's bandwidth. This architecture acts as the starting point from the access node to the sub‐
scribing homes and buildings, constituting the all-optical fiber path. WDM-PON promises to
combine both sharing feeder fibers while still providing dedicated point-to-point connectivi‐
ty [74]. A basic scheme of the WDM-PON architecture can be seen in Fig. 1(b). In this case, op‐
tical microwave/mm-wave signals from multiple sources, which can be located in a Central
Office (CO) or Optical Line Terminal (OLT) can be multiplexed and the composite signal is
transported through an optical fiber and, finally, demultiplexed to address each Optical Net‐
work Terminal (ONT) or Remote Access Point (RAP), the latter for wireless applications.
However, a challenging issue concerns the applications of these signals as the optical spectral
width of a single mm-wave source may approach or exceed the WDM channel spacing.

Finally, it is worth mentioning that there is not the desire of making a competition between
optical and wireless solutions, since wireless is and will always be present inside the build‐
ing or home. In contrast, research and development are focusing on the coexistence of both
technologies.

4. Theoretical approach of multimode optical fibers

4.1. Introduction

The restricted bandwidth of the multimode fiber has been one of the main causes that makes
the specification and designing of the physical media dependent layer very difficult. More‐
over, the potentials of MMFs to support broadband RF, microwave and millimetre wave
transmission over short, intermediate and long distances to meet user requirements for
higher data rates and to support emerging multimedia applications are yet to be fully
known. To enable the design and utilization of MMFs with such enhanced speeds, the de‐
velopment of an accurate frequency response model to describe the signal propagation
through multimode fibers is of prime importance. Through this multimode fiber modelling
more likely performance limits can be established, thereby preventing eventual overdesign
of systems and the resulting additional cost.

Since the mid-1970’s, much work has been directed to the investigation of MMFs and their
ability for high speed transmission. Different factors have clearly been identified to influ‐
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ence the information-carrying capacity, namely the material dispersion (in combination with
the spectrum of the exciting source) [26], the launching conditions [66] as well as the mode-
dependent characteristics, i.e. delay [26], attenuation [75] and coupling coefficient [27]. Un‐
fortunately, the achievements, so far accomplished, are not quite complete to enable precise
frequency response and bandwidth prediction if an arbitrary operating condition is to be
considered.

The most popular technique reported so far for the analysis of signal propagation through
MMF fibers is that based on the coupled power-flow equations developed by Gloge [76] in
the early 70's and later improved by Olshansky [27] and Marcuse [28], to account for the
propagation and time spreading of digital pulses through MMFs. Most of the published
models and subsequent work on the modelling of MMFs [29, 77-79] are based on this meth‐
od in which the MMF power transfer function is solved by means of a numerical procedure
like the Crank-Nicholson method, for instance [29]. However, other methods rely on solving
the system of coupled equations adopting the matrix formalism [80].

The power-flow equations are adequate for the description of digital pulse propagation
through MMFs but present several limitations either when considering the propagation of
analogue signals or when a detailed knowledge of the baseband and RF transfer function is
required since in these situations the effect of the signal phase is important. To overcome
these limitations it is necessary to employ a method relying on the propagation of electric
field signals rather than optical power signals. Unfortunately, there are very few of such de‐
scriptions available in the literature with the exception of the works reported in [54, 81, 82].

From literature, it is demonstrated that the frequency characteristics of multimode fibers
should show significant high-frequency components, i.e. higher-frequency transmission
lobes, resonances or passbands are expected in the fiber frequency response. And these
higher-frequency transmission lobes would allow to transport information signals by modu‐
lating them on specific carrier frequencies, as an independent transmission channel each.
These modulated carriers can be positioned in such a way that they will optimally fit into
the higher-frequency transmission lobes of the multimode fiber link thus increasing the ag‐
gregated transmission capacity over MMFs. Furthermore, it has been stated that the contrast
ratio between resonances reveals a dramatically reduction as the frequency increases thus
providing potential for broadband transmission at even higher frequencies than those deter‐
mined by the transmission lobes.

The position of these higher-frequency lobes depends on the fiber link length, and on the
exact fiber characteristics, which may vary due to external circumstances such as induced
stress by bending or environmental temperature variations. Any system that would take ad‐
vantage of such high-frequency transmission lobes would have to adapt to those variations,
e.g. monitoring the fiber link frequency response by injecting some weak pilot tones, and al‐
locating the subcarriers accordingly would be a feasible solution. Anyway, this in turn is
contingent on the availability of accurate models to describe the microwave radio signals
propagation over multimode fibers. With such a predictive tool, notwithstanding its restrict‐
ed bandwidth, a single multimode fiber network that may carry a multitude of broadband
services using the higher-order transmission lobes would become more feasible. Thus, easy-
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the system of coupled equations adopting the matrix formalism [80].
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ratio between resonances reveals a dramatically reduction as the frequency increases thus
providing potential for broadband transmission at even higher frequencies than those deter‐
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to-install multimode fiber networks for access and in-building/home can be realised in
which wirebound and wireless services were efficiently integrated.

4.2. Mathematical framework

In this section a closed-form analytic expression to compute the baseband and RF transfer
function of a MMF link based on the electric field propagation method is briefly presented.
By obtaining an accurate model it is possible to evaluate the conditions upon which broad‐
band transmission is possible in RF regions far from baseband. For a deeper comprehension
works reported in [81, 82] are recommended.
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Figure 8. Scheme of a generic Multimode Optical Fiber link. IM: Intensity optical Modulator.

Fig. 8 shows a generic optical transmission system scheme which employs a multimode op‐
tical fiber as a transmission medium. E (t , r̄ , z) represents the electric field at a point located
at a distance z from the fiber origin and at a point r̄  of its cross section. E (t , r̄ , 0) represents
the electric field at the fiber origin and at a point r̄  of its cross section and S (t) is the modula‐
tion signal composed of a RF tone with modulation index mo.

Thus the optical intensity at a point z, I (t , r̄ , z), depends directly on the electric field
E (t , r̄ , z) at a point located at a distance z from the fiber origin and at a point r̄  of its cross
section. Both the electric field and the optical intensity can be expressed, using the electric
field propagation model and referred to the system described in Fig. 8, as [82]:
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where N is the number of guided modes, h μν(t) is the impulse response at z caused by mode
ν at the fiber origin over mode μ at z and eν(r) is the modal spatial profile of mode ν. It has
been assumed that non linear effects are negligible.
Let S (t) be the modulation signal composed of a RF tone with modulation index mo assum‐
ing a linear modulation scheme (valid for direct and external modulation), which incorpo‐
rates the source chirp αC , and approximated by three terms of its Fourier series, following:
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where So is proportional to the average optical power and Ω represents the frequency of the
RF modulating signal. It has also been assumed an optical source which has a finite line‐
width spectrum (temporal coherence) defined by a Gaussian time domain autocorrelation
function.

Assuming a stationary temporal coherence of the source and assuming that the detector col‐
lects the light impinging on the detector area Ar , and produces an electrical current propor‐
tional to the optical power given by:
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From the above equations:

• The term Q(t ′, t ″) is referred to the influence of the source/fiber/detector system.

• The term QO(t ′, t ″) depends on the fiber and the power coupling from to the source to
the fiber and from the fiber to the detector.

• The spatial coherence of the source related to the fiber modes is provided by Cμμ ′.

•
χνν ′ is defined as χνν ′ = ∫

Ar

eν
*(r̄)eν ′(r̄)dr̄ . In the special case where the detector collects all the

incident light χνν ′ =δνν ′.
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By obtaining an accurate model it is possible to evaluate the conditions upon which broad‐
band transmission is possible in RF regions far from baseband. For a deeper comprehension
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Fig. 8 shows a generic optical transmission system scheme which employs a multimode op‐
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at a distance z from the fiber origin and at a point r̄  of its cross section. E (t , r̄ , 0) represents
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where N is the number of guided modes, h μν(t) is the impulse response at z caused by mode
ν at the fiber origin over mode μ at z and eν(r) is the modal spatial profile of mode ν. It has
been assumed that non linear effects are negligible.
Let S (t) be the modulation signal composed of a RF tone with modulation index mo assum‐
ing a linear modulation scheme (valid for direct and external modulation), which incorpo‐
rates the source chirp αC , and approximated by three terms of its Fourier series, following:
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where So is proportional to the average optical power and Ω represents the frequency of the
RF modulating signal. It has also been assumed an optical source which has a finite line‐
width spectrum (temporal coherence) defined by a Gaussian time domain autocorrelation
function.

Assuming a stationary temporal coherence of the source and assuming that the detector col‐
lects the light impinging on the detector area Ar , and produces an electrical current propor‐
tional to the optical power given by:
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From the above equations:

• The term Q(t ′, t ″) is referred to the influence of the source/fiber/detector system.

• The term QO(t ′, t ″) depends on the fiber and the power coupling from to the source to
the fiber and from the fiber to the detector.

• The spatial coherence of the source related to the fiber modes is provided by Cμμ ′.

•
χνν ′ is defined as χνν ′ = ∫

Ar

eν
*(r̄)eν ′(r̄)dr̄ . In the special case where the detector collects all the

incident light χνν ′ =δνν ′.
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• The term h μν
* (t − t ′)h μ ′ν ′(t − t ″)  is referred to the fiber dispersion and to the mode cou‐

pling.

This last term, relative to the propagation along the fiber, is composed of two parts, one de‐
scribing the independent propagation of modes h μν

* (t − t ′) and a second one describing the

power coupling between modes h μ ′ν ′(t − t ″). For analysing this term, it is required to consid‐

er the N coupled mode propagation equations (field amplitudes) in the frequency domain
which refer to an N-mode multimode fiber. A detailed study of this analysis can be found in
[54, 82].

Although Eq. (14) reveals a nonlinear relationship between the output and the input electri‐
cal signals being not possible to define a transfer function, under several conditions lineari‐
zation is possible yielding to a linear system with impulse response Q(t). This linear
response is given by [81]:

( ) ( ) ( , )P t S t Q t t t t dt
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-¥
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The impulse response terms of the fiber can then be found by inverse Fourier transforming
the above matrix elements. Upon substitution in Eq. (16) it is found that P(t) is composed of
two terms P(t)= P U (t) + P C(t) being P U (t) the optical power in absence of mode coupling
and P C(t) the contribution of modal coupling. Moreover, both the coupled and uncoupled
parts can be divided into a linear and a non-linear term, respectively. These non-linear terms
will contribute to the harmonic distortion and intermodulation effects. Grouping the linear
contributions of the uncoupled and the coupled parts, and comparing the power of the line‐
al part of the total power received (sum of contributions from the coupled and uncoupled
parts) with the power of one of the sidebands of the electric modulating signal, it is possible
to obtain the final overall RF transfer function, yielding Eq. (17). For a detailed description of
the evaluation of both terms, see the works reported in [54, 82].
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The expression of Eq. (17) provides a description of the main factors affecting the RF fre‐
quency response of a multimode fiber link and can be divided as the product of three terms
of factors. From the left to the right, the first term is a low-pass frequency response which
depends on the first order chromatic dispersion parameter βo

2 which is assumed to be equal
for all the modes guided by the fiber, and the parameter σC  which is the source coherence
time directly related to the source linewidth. The second term is related to the Carrier Sup‐
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pression Effect (CSE) due to the phase offset between the upper and lower modulation side‐
bands, as the optical signal travels along a dispersive waveguide, i.e. optical fiber. When the
value of this relative phase offset is 180 degrees, a fading of the tone takes place. Finally, the
third term represents a microwave photonic transversal filtering effect [83], in which each
sample corresponds to a different mode group m carried by the fiber. Coefficients Cmm, χmm

and Gmm stand for the light injection efficiency, the mode spatial profile impinging the detec‐
tor area and the mode coupling coefficient, respectively. This last term involves that the pe‐
riodic frequency response of transversal filters could permit broadband RF, microwave and
mm-wave transmissions far from baseband thus achieving a transmission capacity increase
in such fiber links. Parameters αmm and τmm represent the differential mode attenuation
(DMA) effect and the delay time of the guided modes per unit length, respectively.

5. Analysis and results on silica-based multimode optical fibers

The MMF transfer function presented in Eq. (17) provides a description of the main factors
affecting the RF frequency response of a multimode fiber link, including the temporal and
spatial source coherence, the source chirp, chromatic and modal dispersion, mode coupling
(MC), signal coupling to modes at the input of the fiber, coupling between the output signal
from the fiber and the detector area, and the differential mode attenuation (DMA). Theoreti‐
cal simulations and experimental results are studied with regards to several parameters in
order to determine the optimal conditions for a higher transmission bandwidth in baseband
and to investigate the potencials for broadband Radio-over-Fiber (RoF) systems in regions
far from baseband using multimode fiber.

For the simulation results in this section it has been considered a 62.5/125μm core/cladding
diameter graded-index multimode fiber (GI-MMF) with a typically SiO2 core doped with 6.3
mol-% GeO2 and a SiO2 cladding, and intrinsic attenuation of 0.55dB/km. This typical dop‐
ing value has been provided by the manufacturer. The refractive indices were approximated
using a three-term Sellmeier function for 1300nm and 1550nm wavelengths. Sellmeier coeffi‐
cients were provided by the manfacturer. Core and cladding refractive indices as a function
of wavelength, from the Sellemier equation, Eq. (3), are illustrated in Fig. 9. A comparison of
the core refractive index for a different core doped multimode fiber consisting of 7.5mol-%
GeO2 is given. The parameters relative to the differential mode attenuation were fitted to
ρ =9 and η =7.35. Coefficient Gmm was obtained assuming a random coupling process de‐
fined by a Gaussian autocorrelation function [28] with a rms deviation of σ =0.0009 and a
correlation length of ς =115⋅a, being a the fiber core radius. The rms linewidth of the source
was set to 10MHz and its chirp parameter to zero. A refractive index profile of α =2 was con‐
sidered. Overfilled launching condition (OFL) was also assumed so that the light injection
coefficient was set to Cmm =1 / M , being M the total number of mode groups.

Fig. 10 illustrates the frequency response of a 3km-long GI-MMF link in absence and pres‐
ence of DMA and mode coupling effects. An optical source operating at 1300nm and with
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• The term h μν
* (t − t ′)h μ ′ν ′(t − t ″)  is referred to the fiber dispersion and to the mode cou‐

pling.

This last term, relative to the propagation along the fiber, is composed of two parts, one de‐
scribing the independent propagation of modes h μν

* (t − t ′) and a second one describing the

power coupling between modes h μ ′ν ′(t − t ″). For analysing this term, it is required to consid‐

er the N coupled mode propagation equations (field amplitudes) in the frequency domain
which refer to an N-mode multimode fiber. A detailed study of this analysis can be found in
[54, 82].

Although Eq. (14) reveals a nonlinear relationship between the output and the input electri‐
cal signals being not possible to define a transfer function, under several conditions lineari‐
zation is possible yielding to a linear system with impulse response Q(t). This linear
response is given by [81]:
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The impulse response terms of the fiber can then be found by inverse Fourier transforming
the above matrix elements. Upon substitution in Eq. (16) it is found that P(t) is composed of
two terms P(t)= P U (t) + P C(t) being P U (t) the optical power in absence of mode coupling
and P C(t) the contribution of modal coupling. Moreover, both the coupled and uncoupled
parts can be divided into a linear and a non-linear term, respectively. These non-linear terms
will contribute to the harmonic distortion and intermodulation effects. Grouping the linear
contributions of the uncoupled and the coupled parts, and comparing the power of the line‐
al part of the total power received (sum of contributions from the coupled and uncoupled
parts) with the power of one of the sidebands of the electric modulating signal, it is possible
to obtain the final overall RF transfer function, yielding Eq. (17). For a detailed description of
the evaluation of both terms, see the works reported in [54, 82].
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The expression of Eq. (17) provides a description of the main factors affecting the RF fre‐
quency response of a multimode fiber link and can be divided as the product of three terms
of factors. From the left to the right, the first term is a low-pass frequency response which
depends on the first order chromatic dispersion parameter βo

2 which is assumed to be equal
for all the modes guided by the fiber, and the parameter σC  which is the source coherence
time directly related to the source linewidth. The second term is related to the Carrier Sup‐
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pression Effect (CSE) due to the phase offset between the upper and lower modulation side‐
bands, as the optical signal travels along a dispersive waveguide, i.e. optical fiber. When the
value of this relative phase offset is 180 degrees, a fading of the tone takes place. Finally, the
third term represents a microwave photonic transversal filtering effect [83], in which each
sample corresponds to a different mode group m carried by the fiber. Coefficients Cmm, χmm

and Gmm stand for the light injection efficiency, the mode spatial profile impinging the detec‐
tor area and the mode coupling coefficient, respectively. This last term involves that the pe‐
riodic frequency response of transversal filters could permit broadband RF, microwave and
mm-wave transmissions far from baseband thus achieving a transmission capacity increase
in such fiber links. Parameters αmm and τmm represent the differential mode attenuation
(DMA) effect and the delay time of the guided modes per unit length, respectively.

5. Analysis and results on silica-based multimode optical fibers

The MMF transfer function presented in Eq. (17) provides a description of the main factors
affecting the RF frequency response of a multimode fiber link, including the temporal and
spatial source coherence, the source chirp, chromatic and modal dispersion, mode coupling
(MC), signal coupling to modes at the input of the fiber, coupling between the output signal
from the fiber and the detector area, and the differential mode attenuation (DMA). Theoreti‐
cal simulations and experimental results are studied with regards to several parameters in
order to determine the optimal conditions for a higher transmission bandwidth in baseband
and to investigate the potencials for broadband Radio-over-Fiber (RoF) systems in regions
far from baseband using multimode fiber.

For the simulation results in this section it has been considered a 62.5/125μm core/cladding
diameter graded-index multimode fiber (GI-MMF) with a typically SiO2 core doped with 6.3
mol-% GeO2 and a SiO2 cladding, and intrinsic attenuation of 0.55dB/km. This typical dop‐
ing value has been provided by the manufacturer. The refractive indices were approximated
using a three-term Sellmeier function for 1300nm and 1550nm wavelengths. Sellmeier coeffi‐
cients were provided by the manfacturer. Core and cladding refractive indices as a function
of wavelength, from the Sellemier equation, Eq. (3), are illustrated in Fig. 9. A comparison of
the core refractive index for a different core doped multimode fiber consisting of 7.5mol-%
GeO2 is given. The parameters relative to the differential mode attenuation were fitted to
ρ =9 and η =7.35. Coefficient Gmm was obtained assuming a random coupling process de‐
fined by a Gaussian autocorrelation function [28] with a rms deviation of σ =0.0009 and a
correlation length of ς =115⋅a, being a the fiber core radius. The rms linewidth of the source
was set to 10MHz and its chirp parameter to zero. A refractive index profile of α =2 was con‐
sidered. Overfilled launching condition (OFL) was also assumed so that the light injection
coefficient was set to Cmm =1 / M , being M the total number of mode groups.

Fig. 10 illustrates the frequency response of a 3km-long GI-MMF link in absence and pres‐
ence of DMA and mode coupling effects. An optical source operating at 1300nm and with
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10MHz of linewidth has been considered. The filtering effect caused by the DMA is de‐
creased when considering the presence of the mode coupling phenomenon. Moreover, the
RF baseband bandwidth is increased by mode coupling while DMA has little effect on the
bandwidth itself. Anyway, not considering mode coupling effects, Fig. 10 illustrates the clas‐
sical conflict relationship between dispersion and loss in MMFs in general. As a matter of
fact, the large DMA of high-order modes necessarily causes a large power penalty during
light propagation, but at the same time it yields a bandwidth enhancement as a result of the
mode stripping effect. Finally if mode coupling effects are considered, there is no deviation
on the resonance central frequencies no matter the fiber DMA whilst DMA has a significant
effect when mode coupling is considered to be negligible. f o | n refers to the possible trans‐
mission channels far from baseband that could be employed.

Figure 10. (a) Frequency responses up to 40GHz for a 62.5/125µm GIMMF showing the effect of mode coupling and
DMA. L=3km. (b) Zoom up to 5GHz.
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Figure 9. MMF core (ncci) and cladding (ncl) refractive index for different dopant concentration.

Current Developments in Optical Fiber Technology100

The influence of the optical fiber properties over its frequency response is of great impor‐
tance. Parameters such as the core radius, the graded-index exponent, length and the core
refractive index count for this matter. Nevertheless, the most critical parameter that define
the behaviour and performance of a graded-index optical fiber type is its refractive index
profile α. It should be outlined that this index profile may slightly vary with wavelength,
always due to the eventually nonlinear Sellmeier coefficients. As a consequence of this, a
profile conceived to be optimal (in terms of bandwidth, for example) at a given wavelength
may will be far from optimal at another wavelength. This fact was also addressed in Section
2.2. The α-dispersion is imposed by the dopant and its concentration, so this impairment is
not easy to overcome. Furthermore, these latter parameters can also be affected by tempera‐
ture impairments, as recently reported in [84]. Frequency responses are displayed in Fig.
11(a) for a 2km-long GI-MMF link showing the influence of 1% fiber refractive index profile
deviations on the RF transfer function. The rest of parameters for the simulations take the
same value as aforementioned. Significant displacements of the high-order resonances over
the frequency spectrum are noticed. From simulation conditions, attending to Fig. 11(a), an
increase of α ' =α + 0.04 produces a change of the first-order resonance central frequency of
3.2GHz. It is also noticeable that the 3-dB passband bandwidth of the high-order resonances
is also highly influenced. Both facts could cause a serious MMF link fault if multiple-GHz
carriers are intended to be transmitted through this physical medium when performing a
RoMMF system.

Figure 11. (a) Influence of the refractive index profile on the GI-MMF frequency response for a 2km-long link. (b) GI-
MMF frequency response for different link lengths, covering access reach.

The MMF frequency response dependence on the link length is shown in Fig. 11(b), covering
typical access network distances. High-order resonances far from baseband are slightly dis‐
placed over the frequency spectrum with changes in attenuation depending on the case. In
addition, transmission regions can be easily identified as well as the effect of the carrier sup‐
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10MHz of linewidth has been considered. The filtering effect caused by the DMA is de‐
creased when considering the presence of the mode coupling phenomenon. Moreover, the
RF baseband bandwidth is increased by mode coupling while DMA has little effect on the
bandwidth itself. Anyway, not considering mode coupling effects, Fig. 10 illustrates the clas‐
sical conflict relationship between dispersion and loss in MMFs in general. As a matter of
fact, the large DMA of high-order modes necessarily causes a large power penalty during
light propagation, but at the same time it yields a bandwidth enhancement as a result of the
mode stripping effect. Finally if mode coupling effects are considered, there is no deviation
on the resonance central frequencies no matter the fiber DMA whilst DMA has a significant
effect when mode coupling is considered to be negligible. f o | n refers to the possible trans‐
mission channels far from baseband that could be employed.

Figure 10. (a) Frequency responses up to 40GHz for a 62.5/125µm GIMMF showing the effect of mode coupling and
DMA. L=3km. (b) Zoom up to 5GHz.
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The influence of the optical fiber properties over its frequency response is of great impor‐
tance. Parameters such as the core radius, the graded-index exponent, length and the core
refractive index count for this matter. Nevertheless, the most critical parameter that define
the behaviour and performance of a graded-index optical fiber type is its refractive index
profile α. It should be outlined that this index profile may slightly vary with wavelength,
always due to the eventually nonlinear Sellmeier coefficients. As a consequence of this, a
profile conceived to be optimal (in terms of bandwidth, for example) at a given wavelength
may will be far from optimal at another wavelength. This fact was also addressed in Section
2.2. The α-dispersion is imposed by the dopant and its concentration, so this impairment is
not easy to overcome. Furthermore, these latter parameters can also be affected by tempera‐
ture impairments, as recently reported in [84]. Frequency responses are displayed in Fig.
11(a) for a 2km-long GI-MMF link showing the influence of 1% fiber refractive index profile
deviations on the RF transfer function. The rest of parameters for the simulations take the
same value as aforementioned. Significant displacements of the high-order resonances over
the frequency spectrum are noticed. From simulation conditions, attending to Fig. 11(a), an
increase of α ' =α + 0.04 produces a change of the first-order resonance central frequency of
3.2GHz. It is also noticeable that the 3-dB passband bandwidth of the high-order resonances
is also highly influenced. Both facts could cause a serious MMF link fault if multiple-GHz
carriers are intended to be transmitted through this physical medium when performing a
RoMMF system.

Figure 11. (a) Influence of the refractive index profile on the GI-MMF frequency response for a 2km-long link. (b) GI-
MMF frequency response for different link lengths, covering access reach.

The MMF frequency response dependence on the link length is shown in Fig. 11(b), covering
typical access network distances. High-order resonances far from baseband are slightly dis‐
placed over the frequency spectrum with changes in attenuation depending on the case. In
addition, transmission regions can be easily identified as well as the effect of the carrier sup‐
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pression (CSE) due to the presence of intermediate notches, as seen in the case of L=20km.
This effect can not be overlooked but could be avoided using single sideband modulation

Finally, the following figures illustrate both the influence of the optical source linewidth
characteristic as well as the launching condition with regards to the GI-MMF frequency re‐
sponse. The influence of other optical source characterisitics such as the source chirp and the
operating wavelength can be seen in [54]. It should be noted that wavelength emission pro‐
vided by the optical source links with different optical fiber properties to be considered. Pa‐
rameters such as the core and cladding refractive indices, the material dispersion, the
propagation constant, the intrinsic attenuation and the number of propagated modes strong‐
ly depend on the optical wavelength launched into the fiber, being not an easy task to deter‐
mine a real comparison about the influence of this parameter on the frequency response.

Fig. 12(a) illustrates the GI-MMF frequency response of a 3km-long link for three different
optical sources operating at 1300nm. The rest of parameters take the same value as those
previously indicated. The response for the DFB laser (with a Full Width Half Maximum -
FWHM- of 10MHz) behaves relatively flat at high frequencies. The frequency response em‐
ploying a FP laser with 5.5nm linewidth however suffers from a low-pass effect, determined
by a 40dB fall at 40GHz. In the case of using a broadband light source, such a Light Emitting
Diode (LED) with 30nm of source linewidth, the response falls dramatically after a few GHz
and no high-order resonances are observed. On the other hand, the influence of the launch‐
ing condition on the frequency response can be seen in Fig. 12(b). A GI-MMF link of 1km
and an input power spectral density conforming a Gaussian lineshape from a DFB optical
source with 10MHz FWHM have been considered. From the frequency response it is notice‐
able the dramatic enhancement of the baseband bandwidth as well as the achievement of a
flat response in all the 20GHz-spectrum considered.

Figure 12. (a) Influence of the optical source temporal coherence on the frequency response of a 3km-long GI-MMF
link. (b) Influence of the light injection on the frequency response of a 1km-long GI-MMF link.

By evaluating the latter results, it is observed that exploiting the possibility of transmitting
broadband signals at high frequencies is contingent on the use of both narrow-linewidth op‐
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tical sources and selective mode-launching schemes. These requirements were also con‐
firmed in the work reported in [82].

Some measurement examples of the silica-based MMF transfer function are presented high‐
lighting the conditions upon broadband MMF transmission in regions far from baseband
can be featured thus validating the theoretical model described and proposed in [81]. The
setup schematic for the experimental measurements is shown in Fig. 13.
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Figure 13. Block diagram of the experimental setup for the silica-based GI-MMF frequency response measurement up
to 20GHz.

A Lightwave Component Analyzer (LCA, Agilent 8703B, 50MHz–20GHz) has been used to
measure the frequency response, using a 100Hz internal filter. In all cases the laser was ex‐
ternally intensity modulated with an RF sinusoidal signal up to 20GHz of modulation band‐
width, by means of an electro-optic (E/O) Mach-Zehnder modulator (model JDSU
AM-130@1300nm and JDSU AM-155@1550nm). At the receiver, the frequency response is
detected by using a high-speed PIN photodiode, model DSC30S, from Discovery Semicon‐
ductors. It should be mentioned that the experimental results of the silica-based GI-MMF
link shown in this section have been calibrated with regards to both the E/O intensity modu‐
lator and the photodetector electrical responses, being therefore solely attributed to the
MMF fiber. It should be also noted that the ripples observed are caused by reflections in the
optical system and are not features of the fiber response, although FC/APC connectors are
used to minimize this effect. To perform different launching conditions, the optical output of
the E/O modulator was passed through a 62.5/125μm silica-based MMF fiber patch cord
plus a mode scrambler before being launched to the MMF link. This optical launching
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pression (CSE) due to the presence of intermediate notches, as seen in the case of L=20km.
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characteristic as well as the launching condition with regards to the GI-MMF frequency re‐
sponse. The influence of other optical source characterisitics such as the source chirp and the
operating wavelength can be seen in [54]. It should be noted that wavelength emission pro‐
vided by the optical source links with different optical fiber properties to be considered. Pa‐
rameters such as the core and cladding refractive indices, the material dispersion, the
propagation constant, the intrinsic attenuation and the number of propagated modes strong‐
ly depend on the optical wavelength launched into the fiber, being not an easy task to deter‐
mine a real comparison about the influence of this parameter on the frequency response.

Fig. 12(a) illustrates the GI-MMF frequency response of a 3km-long link for three different
optical sources operating at 1300nm. The rest of parameters take the same value as those
previously indicated. The response for the DFB laser (with a Full Width Half Maximum -
FWHM- of 10MHz) behaves relatively flat at high frequencies. The frequency response em‐
ploying a FP laser with 5.5nm linewidth however suffers from a low-pass effect, determined
by a 40dB fall at 40GHz. In the case of using a broadband light source, such a Light Emitting
Diode (LED) with 30nm of source linewidth, the response falls dramatically after a few GHz
and no high-order resonances are observed. On the other hand, the influence of the launch‐
ing condition on the frequency response can be seen in Fig. 12(b). A GI-MMF link of 1km
and an input power spectral density conforming a Gaussian lineshape from a DFB optical
source with 10MHz FWHM have been considered. From the frequency response it is notice‐
able the dramatic enhancement of the baseband bandwidth as well as the achievement of a
flat response in all the 20GHz-spectrum considered.

Figure 12. (a) Influence of the optical source temporal coherence on the frequency response of a 3km-long GI-MMF
link. (b) Influence of the light injection on the frequency response of a 1km-long GI-MMF link.

By evaluating the latter results, it is observed that exploiting the possibility of transmitting
broadband signals at high frequencies is contingent on the use of both narrow-linewidth op‐
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tical sources and selective mode-launching schemes. These requirements were also con‐
firmed in the work reported in [82].

Some measurement examples of the silica-based MMF transfer function are presented high‐
lighting the conditions upon broadband MMF transmission in regions far from baseband
can be featured thus validating the theoretical model described and proposed in [81]. The
setup schematic for the experimental measurements is shown in Fig. 13.
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A Lightwave Component Analyzer (LCA, Agilent 8703B, 50MHz–20GHz) has been used to
measure the frequency response, using a 100Hz internal filter. In all cases the laser was ex‐
ternally intensity modulated with an RF sinusoidal signal up to 20GHz of modulation band‐
width, by means of an electro-optic (E/O) Mach-Zehnder modulator (model JDSU
AM-130@1300nm and JDSU AM-155@1550nm). At the receiver, the frequency response is
detected by using a high-speed PIN photodiode, model DSC30S, from Discovery Semicon‐
ductors. It should be mentioned that the experimental results of the silica-based GI-MMF
link shown in this section have been calibrated with regards to both the E/O intensity modu‐
lator and the photodetector electrical responses, being therefore solely attributed to the
MMF fiber. It should be also noted that the ripples observed are caused by reflections in the
optical system and are not features of the fiber response, although FC/APC connectors are
used to minimize this effect. To perform different launching conditions, the optical output of
the E/O modulator was passed through a 62.5/125μm silica-based MMF fiber patch cord
plus a mode scrambler before being launched to the MMF link. This optical launching
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scheme provides an OFL condition for light injection. On the other hand, selective central
mode launching was achieved by injecting light to the system via a SMF patchcord.

Fig. 14(a) shows the measured frequency response for a 3km silica-based GI-MMF link. As it
was expected from the theory, while the response for the DFB laser (@1550nm) behaves rela‐
tively flat at high frequencies, with maximum variations of approximately ± 0.8 dB with re‐
gards to a mean level of approximately 2.5dB below the low frequency regime, the response
relative to the FP laser (@1310nm) suffers from a low pass effect characterized by a 15dB fall
at 20GHz. In the case of the Broadband Light Source (BLS), the response falls dramatically
after a few GHz. Therefore, as previously stated, exploiting the possibility of transmitting
broadband RF signals at high frequencies is contingent on the use of narrow-linewidth sour‐
ces. This latter performance stands regardless the operating wavelength from the optical
source.

Figure 14. (a) Measured influence of the optical source linewidth on the silica-based GI-MMF frequency response. (b)
Measured influence of the launching condition on the silica-based GI-MMF frequency response.

Additionally, two launching conditions, RML and OFL, were also applied to the fiber link.
Results are shown in Fig. 14(b), and were performed by using a DFB laser operating at with
FWHM of 100kHz. As expected, for the RML condition, in which a limited number of modes
is excited, the typical transversal filtering effect of the MMF is significantly reduced, thus
achieving an increased flat response over a broader frequency range spectrum. It should be
noted that the distance values comprising Fig. 14 are representative of currently deployed
moderate-length fiber links.

Finally, the above figures show a comparison between the curves predicted by the theoreti‐
cal model and the experimental results showing good agreement between them. A FP
source operating at 1300nm with Δλ=1.8nm of source linewidth has been employed in
measurements reported in Fig. 15(a). An OFL excitation at the fiber input end has been ap‐
plied. Theoretical curves have been obtained considering a silica-based MMF with a SiO2

core doped with 6.3mol-% GeO2 and a SiO2 cladding, with a refractive index profile of
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α =1.921 and an intrinsic attenuation coefficient of αo =0.59dB/kmat 1300nm. The latter was
measured employing Optical Time-Domain Reflectometer (OTDR) techniques. Core and
cladding refractive indices have been calculated using a three-term Sellmeier function. It has
also been assumed a free chirp source. Differential Mode Attenuation (DMA) effects have
been considered by setting ρ =8.7; η =7.35. Additionally, a random coupling process defined
by a Gaussian autocorrelation function has beeen defined for the mode coupling with a cor‐
relation length of ς =0.0036m and rms deviations of σ =0.0012@3km and σ =0.0017@6km.
Fig. 15(a) also addresses the high-order resonances (passband) suppression effect as the
source linewidth increases.. This is due to the fact that in this latter case the low pass term in
Eq. (17) begins to dominate over the other two. In constrast, in Fig. 15(b), a DFB laser source
with 100kHz of linewidth and operating at 1550nm has been employed. An intrinsic fiber
attenuation coefficient of αo =0.31dB/km at 1550nm was measured and a rms deviation of
σ =0.0022@9km was considered for a link length of 9km. The rest of parameters take the
same values as aforementioned. Several passband channels suitable for multiple-GHz carri‐
er transmission over the frequency spectrum are observed as well as a relatively flat region
over 17GHz. However, a significant discrepancy can be observed in the resonances excur‐
sions, being the measured ones not so pronounced compare to what the model predicts, i.e.
the measured filtering effect is decreased compare to what it is expected. Many reasons can
be attributed for this behaviour but mainly due to both the DMA and mode coupling model‐
ling approaches considered.

Finally, although the 3-dB bandwidth of the baseband frequency response has not been paid
much attention in this analysis, it is commonly agreed that the measurement uncertainty in
characterizing this parameter is quite large and a standard deviation on the order of
10%-20% or more is not uncommon. This performance depends on the care of a particular
lab in setting up the launch conditions and acquiring the data. This was verified in 1997 with

Figure 15. (a) Theoretical and measured frequency response of a 3km- and 6km-long silica based GI-MMF link with a
FP laser source operating at 1300nm. (b) Theoretical and measured frequency response of a 9km-long silica-based GI-
MMF link with a DFB laser source operating at 1550nm [84].
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scheme provides an OFL condition for light injection. On the other hand, selective central
mode launching was achieved by injecting light to the system via a SMF patchcord.

Fig. 14(a) shows the measured frequency response for a 3km silica-based GI-MMF link. As it
was expected from the theory, while the response for the DFB laser (@1550nm) behaves rela‐
tively flat at high frequencies, with maximum variations of approximately ± 0.8 dB with re‐
gards to a mean level of approximately 2.5dB below the low frequency regime, the response
relative to the FP laser (@1310nm) suffers from a low pass effect characterized by a 15dB fall
at 20GHz. In the case of the Broadband Light Source (BLS), the response falls dramatically
after a few GHz. Therefore, as previously stated, exploiting the possibility of transmitting
broadband RF signals at high frequencies is contingent on the use of narrow-linewidth sour‐
ces. This latter performance stands regardless the operating wavelength from the optical
source.
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Results are shown in Fig. 14(b), and were performed by using a DFB laser operating at with
FWHM of 100kHz. As expected, for the RML condition, in which a limited number of modes
is excited, the typical transversal filtering effect of the MMF is significantly reduced, thus
achieving an increased flat response over a broader frequency range spectrum. It should be
noted that the distance values comprising Fig. 14 are representative of currently deployed
moderate-length fiber links.

Finally, the above figures show a comparison between the curves predicted by the theoreti‐
cal model and the experimental results showing good agreement between them. A FP
source operating at 1300nm with Δλ=1.8nm of source linewidth has been employed in
measurements reported in Fig. 15(a). An OFL excitation at the fiber input end has been ap‐
plied. Theoretical curves have been obtained considering a silica-based MMF with a SiO2

core doped with 6.3mol-% GeO2 and a SiO2 cladding, with a refractive index profile of

Current Developments in Optical Fiber Technology104

α =1.921 and an intrinsic attenuation coefficient of αo =0.59dB/kmat 1300nm. The latter was
measured employing Optical Time-Domain Reflectometer (OTDR) techniques. Core and
cladding refractive indices have been calculated using a three-term Sellmeier function. It has
also been assumed a free chirp source. Differential Mode Attenuation (DMA) effects have
been considered by setting ρ =8.7; η =7.35. Additionally, a random coupling process defined
by a Gaussian autocorrelation function has beeen defined for the mode coupling with a cor‐
relation length of ς =0.0036m and rms deviations of σ =0.0012@3km and σ =0.0017@6km.
Fig. 15(a) also addresses the high-order resonances (passband) suppression effect as the
source linewidth increases.. This is due to the fact that in this latter case the low pass term in
Eq. (17) begins to dominate over the other two. In constrast, in Fig. 15(b), a DFB laser source
with 100kHz of linewidth and operating at 1550nm has been employed. An intrinsic fiber
attenuation coefficient of αo =0.31dB/km at 1550nm was measured and a rms deviation of
σ =0.0022@9km was considered for a link length of 9km. The rest of parameters take the
same values as aforementioned. Several passband channels suitable for multiple-GHz carri‐
er transmission over the frequency spectrum are observed as well as a relatively flat region
over 17GHz. However, a significant discrepancy can be observed in the resonances excur‐
sions, being the measured ones not so pronounced compare to what the model predicts, i.e.
the measured filtering effect is decreased compare to what it is expected. Many reasons can
be attributed for this behaviour but mainly due to both the DMA and mode coupling model‐
ling approaches considered.

Finally, although the 3-dB bandwidth of the baseband frequency response has not been paid
much attention in this analysis, it is commonly agreed that the measurement uncertainty in
characterizing this parameter is quite large and a standard deviation on the order of
10%-20% or more is not uncommon. This performance depends on the care of a particular
lab in setting up the launch conditions and acquiring the data. This was verified in 1997 with
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FP laser source operating at 1300nm. (b) Theoretical and measured frequency response of a 9km-long silica-based GI-
MMF link with a DFB laser source operating at 1550nm [84].
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an informal industry wide round robin [85]. Furthermore, it was, in fact, because of this that
the industry standardized the overfilled launch (OFL) condition during the late 1990s [86].

6. Analysis and results on graded-index polymer optical fibers

This section, comprising Graded-Index Polymer Optical Fibers (GIPOFs) will follow the
same scheme as previous section. Furthermore, this section proves that the same principles
are essentially valid for silica-based MMFs and GIPOFs in order to extend their capabilities
beyond the RF baseband bandwidth.

For the simulation results in this section it has been considered a 120/490μm core/cladding
diameter graded-index polymer optical fiber (PF GIPOF) with intrinsic attenuation of
60dB/km at 1300nm and 150dB/km at 1550nm. The refractive indices for the fiber core and
fiber cladding were calculated using a three-term Sellmeier. These coefficients were provid‐
ed by the manfacturer. Core and cladding refractive indices as a function of wavelength,
from the Sellemier equation, Eq. (3), are illustrated in Fig. 16. The parameters relative to the
differential mode attenuation were fitted to ρ =11 and η =12.2. Coefficient Gmm was obtained
assuming a random coupling process defined by a Gaussian autocorrelation function with a
rms deviation of σ =0.0005 and a correlation length of ς =1.6×104 ⋅a, being a the fiber core
radius. This latter value of the correlation length provides similar mode coupling strengths
than that of reported in other works for PF GIPOF fibers such as in [35, 44]. The rms line‐
width of the optical source was set to 5nm and its chirp parameter to zero. A refractive in‐
dex profile of α =2 was considered, unless specified. Overfilled launching condition (OFL)
was also assumed so that the light injection coefficient was set to Cmm =1 / M , being M the
total number of mode groups.
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Figure 16. PF GIPOF core and cladding refractive index as a function of wavelength.
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It is worth mentioning that with PF GIPOFs, a thermally determined alteration in the dopant
material can come about, leading to changes in the refractive index, although new materials
have just recently become available and behave with admirable stability in this issue [87].
This dopant concentration during the manufacturing process is also directly related to the
fiber refractive index profile.

Fig. 17(a) depicts the frequency response of a 200m-long PF GIPOF link operating at 1300nm
in absence and presence of DMA and mode coupling effects. The theoretical curve for a 200m-
long PMMA GIPOF in presence of both DMA and mode coupling is also given for compari‐
son. As expected, much greater baseband bandwidths are obtained by using fluorine dopants
in the core instead of classical PMMA-based composites. The results indicate that the pres‐
ence of both effects is favorable for improving the frequency response of the GIPOF. It can be
observed a more than a three-fold RF baseband bandwidth enhancement caused if only DMA
effect is considered. This result shows that the DMA is a determining factor for accurate as‐
sessment of the baseband in GIPOFs. No high-order resonances are shown due to both the
high fiber attenuation and the OFL launching condition considered. As in the case of silica-
based MMFs, the influence of the optical fiber properties over its frequency response is of
great importance. Parameters such as the core radius, the graded-index exponent, length and
the core refractive index count for this matter. Similar mechanisms as those stated for silica-
based GI-MMFs rule for PF GIPOFs concerning these parameters. This fact is illustrated in Fig.
17(b), in which PF GIPOF frequency responses are displayed for a 200m-long link showing the
influence of 5% fiber refractive index profile deviations on the RF transfer function. The rest of
parameters for the simulations take the same value as aforementioned. Similarly to silica-
based counterparts, significant displacements of the high-order resonances over the frequen‐
cy spectrum are noticed. However, it is worth pointing out that PF GIPOFs are less sensitive to
α-tolarences compared to that of silica counterparts.

Figure 17. (a) Frequency responses up to 20GHz for a 200m-long PF GIPOF link showing the effect of mode coupling
and DMA. Similar PMMA-based link is also illustrated for comparison. (b) Influence of the refractive index profile on
the PF GIPOF frequency response for a 200m-long link.
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an informal industry wide round robin [85]. Furthermore, it was, in fact, because of this that
the industry standardized the overfilled launch (OFL) condition during the late 1990s [86].

6. Analysis and results on graded-index polymer optical fibers

This section, comprising Graded-Index Polymer Optical Fibers (GIPOFs) will follow the
same scheme as previous section. Furthermore, this section proves that the same principles
are essentially valid for silica-based MMFs and GIPOFs in order to extend their capabilities
beyond the RF baseband bandwidth.

For the simulation results in this section it has been considered a 120/490μm core/cladding
diameter graded-index polymer optical fiber (PF GIPOF) with intrinsic attenuation of
60dB/km at 1300nm and 150dB/km at 1550nm. The refractive indices for the fiber core and
fiber cladding were calculated using a three-term Sellmeier. These coefficients were provid‐
ed by the manfacturer. Core and cladding refractive indices as a function of wavelength,
from the Sellemier equation, Eq. (3), are illustrated in Fig. 16. The parameters relative to the
differential mode attenuation were fitted to ρ =11 and η =12.2. Coefficient Gmm was obtained
assuming a random coupling process defined by a Gaussian autocorrelation function with a
rms deviation of σ =0.0005 and a correlation length of ς =1.6×104 ⋅a, being a the fiber core
radius. This latter value of the correlation length provides similar mode coupling strengths
than that of reported in other works for PF GIPOF fibers such as in [35, 44]. The rms line‐
width of the optical source was set to 5nm and its chirp parameter to zero. A refractive in‐
dex profile of α =2 was considered, unless specified. Overfilled launching condition (OFL)
was also assumed so that the light injection coefficient was set to Cmm =1 / M , being M the
total number of mode groups.
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Figure 16. PF GIPOF core and cladding refractive index as a function of wavelength.
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It is worth mentioning that with PF GIPOFs, a thermally determined alteration in the dopant
material can come about, leading to changes in the refractive index, although new materials
have just recently become available and behave with admirable stability in this issue [87].
This dopant concentration during the manufacturing process is also directly related to the
fiber refractive index profile.

Fig. 17(a) depicts the frequency response of a 200m-long PF GIPOF link operating at 1300nm
in absence and presence of DMA and mode coupling effects. The theoretical curve for a 200m-
long PMMA GIPOF in presence of both DMA and mode coupling is also given for compari‐
son. As expected, much greater baseband bandwidths are obtained by using fluorine dopants
in the core instead of classical PMMA-based composites. The results indicate that the pres‐
ence of both effects is favorable for improving the frequency response of the GIPOF. It can be
observed a more than a three-fold RF baseband bandwidth enhancement caused if only DMA
effect is considered. This result shows that the DMA is a determining factor for accurate as‐
sessment of the baseband in GIPOFs. No high-order resonances are shown due to both the
high fiber attenuation and the OFL launching condition considered. As in the case of silica-
based MMFs, the influence of the optical fiber properties over its frequency response is of
great importance. Parameters such as the core radius, the graded-index exponent, length and
the core refractive index count for this matter. Similar mechanisms as those stated for silica-
based GI-MMFs rule for PF GIPOFs concerning these parameters. This fact is illustrated in Fig.
17(b), in which PF GIPOF frequency responses are displayed for a 200m-long link showing the
influence of 5% fiber refractive index profile deviations on the RF transfer function. The rest of
parameters for the simulations take the same value as aforementioned. Similarly to silica-
based counterparts, significant displacements of the high-order resonances over the frequen‐
cy spectrum are noticed. However, it is worth pointing out that PF GIPOFs are less sensitive to
α-tolarences compared to that of silica counterparts.

Figure 17. (a) Frequency responses up to 20GHz for a 200m-long PF GIPOF link showing the effect of mode coupling
and DMA. Similar PMMA-based link is also illustrated for comparison. (b) Influence of the refractive index profile on
the PF GIPOF frequency response for a 200m-long link.

Multimode Graded-Index Optical Fibers for Next-Generation Broadband Access
http://dx.doi.org/10.5772/54245

107



Figure 18. (a) Influence of the core radius on the PF GIPOF frequency response at OFL condition. (b) Influence of the
operating wavelength on the PF GIPOF frequency response.

On the other hand, Fig. 18(a) illustrates the frequency response of present commercially avail‐
able PF GIPOFs with different core radius. Identical simulation parameters have been consid‐
ered. From the theoretical curves, similar RF baseband bandwidths at OFL condition are
obtained, independent from the core radius considered, although high-order resonances start
to notice as core radius decreases. However, this fact turns to be different if RML launching is
applied. Simulations under this light injection condition predict that lower fiber core radius
results in a RF baseband bandwidth enhancement. This result is quite in agreement with the
fact that the bandwidth reduction is to be connected with the larger number of excited modes,
directly related to the fiber core radius. Nevertheless, this dependence is strongly reduced as
nearer OFL is reached. Moreover, the frequency response dependence on the operating wave‐
length is shown in Fig. 18(b). As expected, due to the high chromatic dispersion of PF GIPOFs
at 650nm, see Fig. 3(a), RF baseband bandwidth at this wavelength falls dramatically after few
GHz. On the other hand, baseband bandwidths achievable at 1300nm are greater than those
obtained at 1550nm despite the similar PF GIPOF material dispersion (even slight smaller at
1550nm) and despite the use of a relatively narrow-linewidth optical source. Thus, band‐
width must mostly be limited by modal dispersion. The reason for this bandwidth difference
is supported by the fact that DMA effects are supposed to be stronger at 1300nm than that of
1550nm, leading to a RF baseband bandwidth enhancement.

Finally, the following figures illustrate both the influence of the optical source linewidth
characteristic as well as the launching condition with regards to the PF GIPOF frequency re‐
sponse. The influence of other optical source characterisitics such as the source chirp and the
operating wavelength can be seen in [54]. Fig. 19(a) illustrates the PF GIPOF frequency re‐
sponse at 1300nm of a 200m-long link for: a DFB optical source with 10MHz of FWHM; a FP
laser of 2nm of linewidth; and a LED with 20nm of source linewidth. The rest of parameters
take the same value as those previously indicated. As expected, the frequency response is
progressively penalised as source linewidth increases, hampering the possible observance of
high-order resonances. On the other hand, the influence of the launching condition on the
frequency response can be seen in Fig. 19(b). A PF GIPOF link of 200m and an input power
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spectral density conforming a Gaussian lineshape from a DFB optical source with 0.2nm
have been considered. From the frequency response, a dramatic enhancement of the RF
baseband bandwidth is observed when applying a RML condition as well as a reduction of
the filtering effect, similarly of what it was expected from the silica-based MMF analysis.

Figure 19. (a) Influence of the optical source temporal coherence on the frequency response of a 200m-long PF GIPOF
link. (b) Influence of the light injection on the frequency response of a 200m-long PF GIPOF link.

Some measurement examples of the PF GIPOF transfer function are presented highlighting
the conditions upon broadband transmission in regions far from baseband can be featured
thus validating the theoretical model proposed [88]. A comparison between the curves pre‐
dicted by the theoretical model and the experimental results is also provided. Good agree‐
ment between theory and experimental results is observed. The results have been tested
over an amorphous perfluorinated (PF) graded-index polymer optical fiber. In all cases,
such fiber type fulfils the requirements of the IEC6 60793-2-40 standard for the PF polymer-
based POFs (types A4f, A4g and A4h) which fits a minimum bandwidth of 1500MHz@100m
for A4f type and 1880Mhz@100m for A4g and A4h types, respectively. The setup schematic
for the experimental measurements follows the same concept as that reported in Fig. 13. The
experimental results have been calibrated with regards to both the E/O intensity modulator
and the photodetector electrical responses. Similar optical sources as those used in silica-
based MMFs experiments were employed. An OFL excitation at the fiber input end has been
applied. Theoretical curves have been obtained considering a PF GIPOF with a refractive in‐
dex profile of α =2.18 and an intrinsic attenuation coefficient of αo =42dB/km at 1300nm. The
latter was measured employing Optical Time-Domain Reflectometer (OTDR) techniques.
Core and cladding refractive indices have been calculated using a three-term Sellmeier func‐
tion. It has also been assumed a free chirp source. Differential Mode Attenuation (DMA) ef‐
fects have been considered by setting ρ =11; η =12.2. Additionally, a random coupling
process defined by a Gaussian autocorrelation function has beeen defined for the mode cou‐
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obtained at 1550nm despite the similar PF GIPOF material dispersion (even slight smaller at
1550nm) and despite the use of a relatively narrow-linewidth optical source. Thus, band‐
width must mostly be limited by modal dispersion. The reason for this bandwidth difference
is supported by the fact that DMA effects are supposed to be stronger at 1300nm than that of
1550nm, leading to a RF baseband bandwidth enhancement.
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characteristic as well as the launching condition with regards to the PF GIPOF frequency re‐
sponse. The influence of other optical source characterisitics such as the source chirp and the
operating wavelength can be seen in [54]. Fig. 19(a) illustrates the PF GIPOF frequency re‐
sponse at 1300nm of a 200m-long link for: a DFB optical source with 10MHz of FWHM; a FP
laser of 2nm of linewidth; and a LED with 20nm of source linewidth. The rest of parameters
take the same value as those previously indicated. As expected, the frequency response is
progressively penalised as source linewidth increases, hampering the possible observance of
high-order resonances. On the other hand, the influence of the launching condition on the
frequency response can be seen in Fig. 19(b). A PF GIPOF link of 200m and an input power
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have been considered. From the frequency response, a dramatic enhancement of the RF
baseband bandwidth is observed when applying a RML condition as well as a reduction of
the filtering effect, similarly of what it was expected from the silica-based MMF analysis.
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link. (b) Influence of the light injection on the frequency response of a 200m-long PF GIPOF link.

Some measurement examples of the PF GIPOF transfer function are presented highlighting
the conditions upon broadband transmission in regions far from baseband can be featured
thus validating the theoretical model proposed [88]. A comparison between the curves pre‐
dicted by the theoretical model and the experimental results is also provided. Good agree‐
ment between theory and experimental results is observed. The results have been tested
over an amorphous perfluorinated (PF) graded-index polymer optical fiber. In all cases,
such fiber type fulfils the requirements of the IEC6 60793-2-40 standard for the PF polymer-
based POFs (types A4f, A4g and A4h) which fits a minimum bandwidth of 1500MHz@100m
for A4f type and 1880Mhz@100m for A4g and A4h types, respectively. The setup schematic
for the experimental measurements follows the same concept as that reported in Fig. 13. The
experimental results have been calibrated with regards to both the E/O intensity modulator
and the photodetector electrical responses. Similar optical sources as those used in silica-
based MMFs experiments were employed. An OFL excitation at the fiber input end has been
applied. Theoretical curves have been obtained considering a PF GIPOF with a refractive in‐
dex profile of α =2.18 and an intrinsic attenuation coefficient of αo =42dB/km at 1300nm. The
latter was measured employing Optical Time-Domain Reflectometer (OTDR) techniques.
Core and cladding refractive indices have been calculated using a three-term Sellmeier func‐
tion. It has also been assumed a free chirp source. Differential Mode Attenuation (DMA) ef‐
fects have been considered by setting ρ =11; η =12.2. Additionally, a random coupling
process defined by a Gaussian autocorrelation function has beeen defined for the mode cou‐
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pling with a correlation length of ς =0.005m and rms deviation of ς =1.6⋅104 ×a, being 'a' the
core radius of the fiber considered.

Figure 20. (a) Theoretical and measured frequency response of a 50µm core diameter PF GIPOF link for different
lengths with a FP laser source operating at 1300nm. (b) Theoretical and measured frequency response of a 100m-long
62.5µm core diameter PF GIPOF link under identical operating conditions.

Fig. 20(a) depicts the theoretical (dashed line) and measured (solid line) frequency responses
of a 50μm core diameter PF GIPOF link for different lengths. On the other hand, the theoret‐
ical and measured frequency response of a 100m-long 62.5μm core diameter PF GIPOF link
is shown in Fig. 20(b). In both cases, a FP optical source operating at 1300nm and 1.8nm of
linewidth was employed. Results reveal the presence of some latent high-order resonances
in the PF GIPOF frequency response. Although these passbands suffer from a power penalty
in the range of 5dB per passband order, attending to Fig. 20(a), this high attenuation could
significantly be improved with lower fiber attenuation values. Nevertheless, the presence of
these periodicities in the PF GIPOF frequency response opens up the extension of the trans‐
mission capabilities beyond baseband thus increasing the aggregated capacity over this opti‐
cal fiber type.

Another example can be seen in Fig. 21(a), where the theoretical and measured frequency
response of a 150m-long 120μm core diameter PF GIPOF link is depicted. Similar operating
conditions as above were applied. In constrast, Fig. 21(b) reports the RF bandwidth enhance‐
ment when employing a narrow-linewidth DFB optical source. A 62.5μm core diameter PF
GIPOF was used. As expected, the available bandwidth is increased if we compare the
curves within this figure with those obtained in Fig. 20(a). However, it is important to ob‐
serve that the frequency response at 1550nm falls at 17dB at 20GHz. This is due to the fact
that the PF GIPOF intrinsic attenuation at this wavelength was measured to be 140dB/km. In
both figures an OFL condition was also applied.

Finally, the following figure evaluates the conditions upon which broadband transmission
over PF GIPOF beyond the RF baseband bandwidth is possible. Fig. 22(a) shows the meas‐

Current Developments in Optical Fiber Technology110

ured frequency response for a 50m-long 62.5μm core diameter PF GIPOF link at an operat‐
ing wavelength of 1300nm. As it was expected from the theory, the frequency response
dramatically decreases when increasing the rms source linewidth. When a LED with
W =98nm of spectral width is employed as the optical source, the frequency response falls
after a few GHz. In contrast greater baseband bandwidths when employing a FP laser with
W =1.8nm and a DFB source with 100kHz of FWHM are achievable. In addition, the pres‐
ence of high-order resonances in the frequency response is also identified. On the other
hand, Fig. 22(b) illustrates the frequency response of a 50m-long 120μm core diameter PF
GIPOF link at launching conditions OFL and RML, respectively. In both cases a FP laser op‐

Figure 21. (a) Theoretical and measured frequency response of a 150m-long 120µm core diameter PF GIPOF link, un‐
der similar operation conditions as in Fig. 20. (b) Theoretical and measured frequency response of a 62.5µm core di‐
ameter PF GIPOF link employing DFB optical sources.

Figure 22. (a) Influence of the optical source temporal coherence on the frequency response of a 50m-long 62.5µm
core diameter PF GIPOF link. (b) Measured influence of the launching condition on the 50m-long 120µm core diame‐
ter PF GIPOF frequency response.
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erating at 1300nm and 1.8nm of source linewidth was employed. As expected from theory,
RML increases the RF baseband bandwidth as well as flattens the frequency response. How‐
ever, possible transmission regions beyond baseband are penalised in power due to the high
PF GIPOF attenuation compared to that of silica-based counterparts. From both figures, we
can therefore conclude, and similarly to silica-based MMFs, that exploiting the possibility of
transmitting broadband RF signals in PF GIPOFs at high frequencies is also contingent on
the use of narrow-linewidth sources and selective mode-launching schemes.

7. Conclusions

Future Internet Access technologies are supposed to bring us a very performing connection
to the main door of our homes. At the same tine, new services and devices and their increase
use, commonly grouped as next-generation access (NGA) services, will require data trans‐
fers at speeds exceeding 1Gbps inside the building or home at the horizon 2015. Both drivers
lead to the deployment of a high-quality, future-proof network from the access domain even
to inside buildings and homes. There is a widely-spread consensus that FTTx is the most
powerful and future-proof access network architecture for providing broadband services to
residential users. Furthermore, FTTx deployments with WDM-PON topologies are consid‐
ered in the long-term the target architecture for the next-generation access networks. This
environment may end up taking advantage of optical cabling solutions as an alternative to
more traditional copper or pure wireless approaches.

Multimode optical fibers (MMF), both silica- and polymer-based, can offer the physical in‐
frastructure to create a fusion and convergence of the access network via FFTx for these
next-generation access (NGA) services. Both fiber types may be used not only to transport
fixed data services but also to transparently distribute in-building (and also for short- and
medium-reach links) widely ranging signal characteristics of present and future broadband
services leading to a significant system-wide cost reduction. The underlying reason is that
multimode fibers have a much larger core diameter and thus alignment in fiber splicing and
connectorising is more relaxed. Also the injection of light from optical sources is easier,
without requiring sophisticated lens coupling systems. And these facts seem to be critical as
all optical networks are being deployed even closer to the end users, where most of inter‐
connections are needed. Moreover, polymer optical fiber (POF) may be even easier to install
than silica-based multimode fiber, as it is more ductile, easier to splice and to connect even
maintaining high bandwidth performances as in the case of PF GIPOFs. However, their
main drawback is related to the fact that their bandwidth per unit length is considerably less
with respect to singlemode fiber counterparts. However, this may not be decisive as link
lengths are relatively short in the user environment.

On the other hand, it is obvious that the deployment of such emerging NGA network tech‐
nology and its convergence would be not possible without the research and evaluation of
predictive and accurate models to describe the signal propagation through both MMF fiber
types to overcome the inherent limitations of such a transport information media. However,
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the potentials of MMF to support broadband RF, microwave and millimetre-wave transmis‐
sion beyond baseband over short and intermediate distances are yet to be fully known, as its
frequency response seems to be unpredictable under arbitrary operating conditions as well
as fiber characteristics. The different experimental characterizations and the theoretical mod‐
el presented in this chapter allow understanding and an estimation of the frequency re‐
sponse and the total baseband bandwidth. In addition, can give an estimation of the
aggregated transmission capacity over MMFs through analyzing the high-order resonances
as well as the presence of relatively flat regions that are present beyond baseband, under
certain conditions, in the MMF frequency response.

From the theoretical and experimental results, it is demonstrated that, next to its baseband
transmission characteristics, an intrinsically multimode fiber link will show passband charac‐
teristics in higher frequency bands. However, the location and the shape of these passbands
depend on the actual fiber characteristics, and may change due to environmental conditions
and/or the light launching conditions as well as the number of guided modes excited and the
power distribution among them. Also the length of the fiber, the mode coupling processes, the
source wavelength, the launching scheme, and the fiber core diameter influence the fibre fre‐
quency response. This fact imposes a great challenge for the extension of the bandwidth-de‐
pendent multimode fiber performance. And, the influence of most of all these parameters that
can have a large impact on the date rate transmission performance in MMF links has been ad‐
dressed. Although no accurate agreement can be expected due to the many approximations
made in the theoretical analysis as well as the amount of parameters involved in the frequen‐
cy response, the results reveal a quite good assessment in the behavior of the multimode opti‐
cal fiber frequency response compared to the curves predicted by the model

The use of selective mode-launching schemes combined with the use of narrow-linewidth
optical sources is demonstrated to enable broadband RF, microwave and millimetre-wave
transmission overcoming the typical MMF bandwidth per length product. Under these con‐
ditions it is possible to achieve flat regions in the frequency response as well as passband
characteristics far from baseband. Transmission of multiple-GHz carrier in these MMF links
can be featured at certain frequencies albeit a small power penalty, enabling the extension of
broadband transmission, with direct application in Radio-over-Fiber (RoF) systems, in
which broadband wireless services could be integrated on the same fiber infrastructure,
thereby reducing system costs. The results also reveal that PF GIPOF has some latent high-
order passbands and flat regions in its frequency response, which however suffer a high at‐
tenuation due to the higher intrinsic attenuation of polymer optical fibers compared to that
of silica-based counterparts. Anyway, this power penalty could significantly be improved
with lower fiber attenuation values.

To resume, MMFs (both silica- and polymer-based) are still far from SMF bandwidth and
attenuation, but they are called to the next step on access network links due to its low cost
systems requirements (light sources, optical detectors, larger fiber core,…) against the high
cost of the singlemode components. It is worth mentioning that in-building networks may
comprise quite a diversity of networks: not only networks within residential homes, but also
networks inside office buildings, hospitals, and even more extensive ones such as networks
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frastructure to create a fusion and convergence of the access network via FFTx for these
next-generation access (NGA) services. Both fiber types may be used not only to transport
fixed data services but also to transparently distribute in-building (and also for short- and
medium-reach links) widely ranging signal characteristics of present and future broadband
services leading to a significant system-wide cost reduction. The underlying reason is that
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without requiring sophisticated lens coupling systems. And these facts seem to be critical as
all optical networks are being deployed even closer to the end users, where most of inter‐
connections are needed. Moreover, polymer optical fiber (POF) may be even easier to install
than silica-based multimode fiber, as it is more ductile, easier to splice and to connect even
maintaining high bandwidth performances as in the case of PF GIPOFs. However, their
main drawback is related to the fact that their bandwidth per unit length is considerably less
with respect to singlemode fiber counterparts. However, this may not be decisive as link
lengths are relatively short in the user environment.

On the other hand, it is obvious that the deployment of such emerging NGA network tech‐
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in airport departure buildings and shopping malls. Thus the reach of in-building networks
may range from less than 100 metres up to a few kilometers. A better understanding of the
possibilities of signal transmission outside the baseband of such fibers are investigated, in
order to extend their capabilities, together with the evaluation of current fiber frequency re‐
sponse theoretical models becomes of great importance.
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1. Introduction

Polarization-mode dispersion (PMD) is a major source of impairments in optical fiber com‐
munication systems. PMD causes distortion and broadens the optical pulses carrying infor‐
mation and lead to inter-symbol interference. In long-haul transmission systems it is
necessary to limit the penalty caused by polarization effects [1], so that the probability of ex‐
ceeding a maximum specified penalty, such as 1 dB, will be small, typically 10-5 or less. This
probability is referred as the outage probability. Since PMD is a random process, Monte Car‐
lo simulations are often used to compute PMD-induced penalties. However, the rare events
of interest to system designers, which consists of large penalties, cannot be efficiently com‐
puted using standard (unbiased) Monte Carlo simulations or laboratory experiments. A
very large number of samples must be explored using standard unbiased Monte Carlo simu‐
lations in order to obtain an accurate estimate of the probability of large penalties, which is
computationally costly. To overcome this hurdle, advanced Monte Carlo methods, such as
importance sampling (IS) [2], [3] and multicanonical Monte Carlo (MMC) [4] methods, have
been applied to compute PMD-induced penalties [5], [6] using a much smaller number of
samples. The analytical connections between MMC and IS are presented in [7], [8], [9], [10].
The MMC method has also been used to estimate the bit-error rate (BER) in optical fiber
communication systems due to amplified spontaneous emission noise (ASE) [11], for which
no practical IS implementation has been developed, and to estimate BER in spectrum-sliced
wavelength-division-multiplexed (SS-WDM) systems with semiconductor optical amplifier
(SOA) induced noise [12]. More recently, MMC has been used in WDM systems, where the
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performance is affected by the bit patterns on the various channels and, in order to account
for this pattern dependence, a large number of simulations must be performed [13].

In optical fiber communication systems without PMD compensators, the penalty is correlat‐
ed with the differential group delay (DGD) due to PMD. As a consequence, one can apply IS
to bias the DGD [2] for the computation of PMD-induced penalties. However, biasing the
DGD alone is inadequate to compute penalties in compensated systems. On the other hand,
the use of multiple IS in which both first-and second-order PMD are biased [3] allows one to
efficiently study important rare events with large first-and second-order PMD. In [5] and
[14], we used multiple IS to bias first-and second-order PMD to compute the outage proba‐
bility due to PMD in uncompensated systems and in compensated systems with a single-
section PMD compensator. The development of IS requires some a priori knowledge of how
to bias a given parameter in the simulations. In this particular problem, the parameter of in‐
terest is the penalty. However, to date there is no IS method that directly biases the penalty.
Instead of directly biasing the penalty, one has to rely on the correlation of the first-and sec‐
ond-order PMD with the penalty, which may not hold in all compensated systems. In con‐
trast to IS, MMC does not require a priori knowledge of which rare events contribute
significantly to the penalty distribution function in the tails, since the bias is done automati‐
cally in MMC.

In this chapter, we investigated and applied MMC and IS to accurately and efficiently com‐
pute penalties caused by PMD. Using these techniques, we studied the performance of PMD
compensators and compared the efficiency of these two advanced Monte Carlo methods to
compute the penalty of several types of compensated systems. Since Monte Carlo methods are
not deterministic, error estimates are essential to verify the accuracy of the results. MMC is a
highly nonlinear iterative method that generates correlated samples, so that standard error es‐
timation techniques cannot be applied. To enable an estimate of the statistical error in the cal‐
culations using MMC, we developed a method that we refer to as the MMC transition matrix
method [15]. Because the samples are independent in IS simulations, one can successfully ap‐
ply standard error estimation techniques and first-order error propagation to estimate errors
in IS simulations. In this chapter, we also estimate the statistical errors when using MMC and
IS. Practical aspects of MMC and IS implementation for optical fiber communication systems
are also discussed; in addition, we provide practical guidelines on how MMC can be opti‐
mized to accurately and rapidly generate probability distribution functions.

2. MMC Implementation and Estimation of Errors in MMC simulations

In this section, we show how the MMC method can be implemented to PMD emulators and
to compute PMD-induced penalty in systems with and without PMD compensators, and al‐
so show how one can efficiently estimate errors in MMC simulations using the MMC Transi‐
tion Matrix method that we developed [15]. For example, when using a standard, unbiased
Monte Carlo simulation to calculate the probability density function (pdf) of a statistical
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quantity, such as the DGD, each sample drawn is independent from the other sample.
Hence, when the histogram is smooth, one can infer that the error is acceptably low. The
same is not true in MMC simulations because the MMC algorithm requires a substantial de‐
gree of correlation among the samples to effectively estimate the histogram, which induces a
correlation between the calculated values of the probabilities of neighboring bins. Therefore,
it is essential to be able to estimate errors particularly in MMC simulation to assess the accu‐
racy of the calculation.

2.1. Multicanonical Monte Carlo method for PMD-Induced penalty

In this sub-section, we briefly review the multicanonical Monte Carlo (MMC) method pro‐
posed by Berg and Neuhaus [16], and we describe how we implemented MMC to compute
the probability density function (pdf) of the differential group delay (DGD) for PMD emula‐
tors. Then, we present results showing the correlation among the histogram bins of the pdf
of the DGD that is generated using the MMC method. Finally, we present results with the
application of MMC to compute the PMD-induced penalty in uncompensated and single-
section compensated system. In particular, we use contours plots to show the regions in the
| τ |–| τω |  plane that are the dominant source of penalties in uncompensated and single-
section PMD compensated systems.

2.1.1. The multicanonical Monte Carlo method

In statistical physics applications, a conventional canonical simulation calculates expectation
values at a fixed temperature T and can, by re-weighting techniques, only be extrapolated to
a vicinity of this temperature [17]. In contrast, a single multicanonical simulation allows one
to obtain expectation values over a range of temperatures, which would require many can‐
onical simulations. Hence, the name multicanonical [16], [17]. The multicanonical Monte
Carlo method is an iterative method, which in each iteration produces a biased random
walk that automatically searches the state space for the important rare events. Within each
iteration, the Metropolis algorithm [18] is used to select samples for the random walk based
on an estimated pdf of the quantity of interest or control parameter, which is updated from
iteration to iteration. Each new sample in the random walk is obtained after a small random
perturbation is applied to the previous sample. In each MMC iteration, a histogram of the
control parameter is calculated that records how many samples are in each bin. In each itera‐
tion, one generates a pre-determined number of samples that can vary from iteration to iter‐
ation. Typically, each iteration has several thousand samples. Once the pre-determined
number of samples in any iteration has been generated, the histogram of the control param‐
eter is used to update the estimate of the probability of all the bins as in [16], which will be
used to bias the following iteration. After some number of iterations, typically 15 - 50, the
number of samples in each bin of the histogram of the control quantity becomes approxi‐
mately constant over the range of interest, indicating that the estimated pdf of the control
quantity is converging to the true pdf.
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2.1.2. MMC implementation to PMD emulators

In the computation of the pdf of the DGD, the state space of the system is determined by the
random mode coupling between the birefringent sections in an optical fiber with PMD, and
the control parameter E  is the DGD, as in [19]. When applying MMC, the goal is to obtain an
approximately equal number of samples in each bin of the histogram of the control quantity.
We compute probabilities by dividing the range of DGD values into discrete bins and con‐
structing a histogram of the values generated by the different random configurations of the
fiber sections. The calculations are based on coarse-step PMD emulators consisting of bire‐
fringent fiber sections separated by polarization scramblers [20]. We model the fiber using
emulators with Ns =15 and Ns =80 birefringent sections. Prior to each section, we use a po‐
larization scrambler to uniformly scatter the polarization dispersion vector on the Poincaré
sphere. When polarization scramblers are present, the evolution of the polarization disper‐
sion vector is equivalent to a three-dimensional random walk, and an exact solution [21] is
available for the pdf of the DGD that can be compared with the simulations. In unbiased
Monte Carlo simulations, the unit matrix R = Rx(ϕ)Ry(γ)Rx(ψ) rotates the polarization dis‐
persion vector before each section, such that the rotation angles around the x-axis in the i-th
section, ϕi and ψi, have their pdfs uniformly distributed between −π and π, while the cosine
of the rotation angle γi around y-axis has its pdf uniformly distributed between − 1 and 1.

Within each MMC iteration, we use the Metropolis algorithm to make a transition from a
state k  to a state l  by making random perturbations Δϕi, Δγi, and Δψi of the angles ϕi, γi,
and ψi in each section, where Δϕi, Δγi, and Δψi are uniformly distributed in the range
−επ,επ . To keep the average acceptance ratio close to 0.5 [22], we choose the coefficient of

perturbation ε =0.09. This perturbation is small, since it does not exceed 10% of the range of
the angles. In order to further optimize the MMC simulations and avoid sub-optimal solu‐
tions, the random perturbation should also be optimized. We are currently investigating the
dependence of the relative error obtained in MMC simulations on the random perturbation
and coefficient of perturnation used. The results of this investigation will be published in an‐
other publication.

To obtain the correct statistics in γi, since in the coarse step method the cosine of γi is uniform‐
ly  distributed,  we  accept  the  perturbation  Δγi  with  probability  equal  to

min 1,F (γi + Δγi )/ F (γi) , where F (γ)=0.5(1−cos2γ)1/2. When the perturbation is not accepted,
we  set  Δγi =0.  The  random  variable  with  acceptance  probability  given  by
min 1,F (γi + Δγi )/ F (γi)  can be implemented by obtaining a random number from a pdf uni‐
formly distributed between 0 and 1, and then accepting the perturbation Δγi  if the random
number obtained is smaller than F (γi + Δγi )/ F (γi). To introduce a bias towards large values of
the control parameter E , each transition from state k to the state l in the iteration j + 1 is accept‐
ed with probability Paccept(k → l)=min 1, P j(Ek ) / P j(El) , and rejected otherwise, where P j(E )
is the estimate of the pdf of DGD obtained after the first j iterations. At the end of each itera‐
tion we update P j(E ) using the same recursion algorithm as in [16], so that the number of hits
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in each bin of the control parameter histogram becomes approximately equal as the iteration
number increases.

2.1.3. Summary of the MMC algorithm

In the first iteration we use M1 samples and set the pdf of the DGD P 1(E ) of a PMD emulator

with Ns sections as uniform, P 1(E )=1/ Nb (Nb= number of bins). Because every step in the Met‐
ropolis algorithm will be accepted with this initial distribution, we more effectively exploit the
first iteration by choosing the coefficient of perturbation ε=1 To update the pdf of the DGD at
the end of this iteration we use the recursive equation as in (1), which is the same equation used
in any other iteration. We then carry out an additional N −1 iterations with Ml (1< l ≤ N ) sam‐
ples in each iteration. We note that in general the number of samples in each iteration does not
have to be the same. We now present a pseudo-code summary of the algorithm:

Loop over iterations j = 1 to N -1:

Loop over fiber realizations (samples) m=1 to Ml :

(1) start random walk on ϕ, γ, and ψ with small steps Δϕ, Δγ, and Δψ

Δϕ={Δϕ1,⋯ ,ΔϕN s}; Δγ={Δγ1,⋯ ,ΔγN s}; Δψ ={Δψ1,⋯ ,ΔψN s}
(2) compute the provisional value of the DGD ((Eprov))
with the angles ϕ + Δϕ, γ + Δγ and ψ + Δψ.

(3) accept provisional step with probability equal to min 1,P j(Em) / P j(Eprov)
if step accepted: Em+1=Eprov

ϕ
m+1

=ϕ
m

+Δϕ; γ
m+1

=γ
m

+Δγ; ψ
m+1

=ψ
m

+Δψ

if step rejected: Em+1=Em

ϕ
m+1

=ϕ
m

; γ
m+1

=γ
m

; ψ
m+1

=ψ
m

(4) increment the histogram of E with the sample Em+1

End of loop over fiber realizations

update the pdf of the DGD P j+1(E )
restart histogram

go to next iteration j

End

To update P j(E ) at the end of each iteration j we use the recursive equation [16],
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Where ĝ k
j , the relative statistical significance of the k -th bin in the j-th iteration, is defined as
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2.1.2. MMC implementation to PMD emulators
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(1) start random walk on ϕ, γ, and ψ with small steps Δϕ, Δγ, and Δψ

Δϕ={Δϕ1,⋯ ,ΔϕN s}; Δγ={Δγ1,⋯ ,ΔγN s}; Δψ ={Δψ1,⋯ ,ΔψN s}
(2) compute the provisional value of the DGD ((Eprov))
with the angles ϕ + Δϕ, γ + Δγ and ψ + Δψ.

(3) accept provisional step with probability equal to min 1,P j(Em) / P j(Eprov)
if step accepted: Em+1=Eprov

ϕ
m+1

=ϕ
m

+Δϕ; γ
m+1

=γ
m

+Δγ; ψ
m+1

=ψ
m

+Δψ

if step rejected: Em+1=Em

ϕ
m+1

=ϕ
m

; γ
m+1

=γ
m

; ψ
m+1

=ψ
m

(4) increment the histogram of E with the sample Em+1

End of loop over fiber realizations

update the pdf of the DGD P j+1(E )
restart histogram

go to next iteration j

End

To update P j(E ) at the end of each iteration j we use the recursive equation [16],
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Where ĝ k
j , the relative statistical significance of the k -th bin in the j-th iteration, is defined as
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If Hk +1
j + Hk

j=0 in a given iteration, then the k -th bin has no statistical significance in this iter‐

ation. Therefore, we set gk
j=0 in that iteration. The statistical significance, 0≤ ĝ k

j ≤1, depends

on both previous bins and previous iterations, inducing a significant correlation among Pk
j.

Finally, the Pk
j are normalized so that ∑

k=1

Nb

Pk
j=1, where Nb is the number of bins. MMC is an

extension of the Metropolis algorithm [18], where the acceptance rule accepts all the transi‐
tions to states with lower probabilities, but rejects part of the more likely transitions to states
with higher probabilities. As the number of iterations increases, the histogram of the num‐
ber of hits in each bin will asymptotically converge to a uniform distribution (Hk +1

j / Hk
j →1),

and the relative statistical significance will asymptotically converge to zero (ĝ k
j →0). Conse‐

quently, P j+1will asymptotically converge to the true probability of the control parameter.

Equations (1) and (2) were derived by Berg and Neuhaus [16] assuming that the probability
distribution is exponentially distributed with a slowly varying exponent that is a function of
the control quantity (the temperature in their case and DGD or the penalty due to PMD in
ours). This assumption is valid in a large number of problems in optical fiber communica‐
tions, including the pdf of the DGD in fibers with an arbitrary number of sections [19], [23].
The recursions in (1) and (2) were derived by applying a quasi-linear approximation to the
logarithm of the pdf in addition to a method for combining the information in the current
histogram with that of previous iterations according to their relative statistical significance
[16], [19].

2.1.4. Correlations

The goal of any scheme for biasing Monte Carlo simulations, including MMC, is to reduce
the variance of the quantities of interest. MMC uses a set of systematic procedures to reduce
the variance, which are highly nonlinear as well as iterative and have the effect of inducing a
complex web of correlations from sample to sample in each iteration and between iterations.
These, in turn, induce bin-to-bin correlations in the histograms of the pdfs. It is easy to see
that the use of (1) and (2) generates correlated estimates for the Pk

j, although this procedure
significantly reduces the variance [16]. In this section, we illustrate this correlation by show‐
ing results obtained when we applied MMC to compute the pdf of the DGD for a PMD emu‐
lator with 80 sections.

We computed the correlation coefficient between bin i and each bin j (1≤ j ≤80) in the histo‐
gram of the normalized DGD by doing a statistical analysis on an ensemble of many inde‐
pendent standard MMC simulations. The normalized DGD, | τ | / | τ | , is defined as the
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DGD divided by its expected value, which is 30 ps in this case. Suppose that on the l-th
MMC simulation, we have Pi

l  as the probability of the i-th bin and suppose that the average
over all L  MMC simulations is Pī. Then, we define a normalized correlation between bin i
and bin j as

=1

( )( )1( , ) =
1

l lL i i j j

l P Pi j

P P P P
C i j

L s s

- -

- å (3)

where σPi
 and σPj

 are the standard deviation of Pi and Pj, respectively. The normalized cor‐
relation defined in (3) is known as Pearson's correlation coefficient [24].

The values for C(i, j) generated by (3) will range from -1 to 1. A value of +1 indicates a per‐
fect correlation between the random variables. While a value of -1 indicates a perfect anti-
correlation between the random variables. A value of zero indicates no correlation between
the random variables.

In Figs. 1–3, we show the correlation coefficients between bin i and bin j, 1≤ j ≤80, for the
DGD in the bin i, DGDi, equal to 30 ps, 45 ps, and 75 ps, respectively. In this case, we used a
PMD emulator with 80 sections and the mean DGD is equal to 30 ps. To compute each value
of C(i, j) we used L =32 MMC simulations. We computed sample mean C(i, j )̄ and standard
deviation σC (i , j) using 32 samples of C(i, j). The values of the standard deviation for the re‐

sults shown in Figs. 1–3 are in the range from 1.84×10−2 to 3.91×10−2. Note that DGDi equal
to 75 ps represents a case in the tail of the pdf of the DGD, where the unbiased Monte Carlo
method has very low probability of generating samples, by contrast to a biased Monte Carlo
method such as MMC. The results show that the correlations are not significant until we use
a large value for DGDi compared to the mean DGD. However, these values of DGDi are pre‐
cisely the values of greatest interest.

Figure 1. Correlation coefficients between bin i and bin j (1 ≤ j ≤ 80) for the 80-section emulator, where the bin i cor‐
responds to DGDi=30 ps (1 ×  mean DGD). The correlation coefficients are computed using 32 standard MMC simula‐
tions. Each standard MMC simulation consists of 30 MMC iterations with 8,000 samples.
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j=0 in a given iteration, then the k -th bin has no statistical significance in this iter‐

ation. Therefore, we set gk
j=0 in that iteration. The statistical significance, 0≤ ĝ k

j ≤1, depends

on both previous bins and previous iterations, inducing a significant correlation among Pk
j.

Finally, the Pk
j are normalized so that ∑

k=1
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j=1, where Nb is the number of bins. MMC is an

extension of the Metropolis algorithm [18], where the acceptance rule accepts all the transi‐
tions to states with lower probabilities, but rejects part of the more likely transitions to states
with higher probabilities. As the number of iterations increases, the histogram of the num‐
ber of hits in each bin will asymptotically converge to a uniform distribution (Hk +1

j / Hk
j →1),

and the relative statistical significance will asymptotically converge to zero (ĝ k
j →0). Conse‐

quently, P j+1will asymptotically converge to the true probability of the control parameter.

Equations (1) and (2) were derived by Berg and Neuhaus [16] assuming that the probability
distribution is exponentially distributed with a slowly varying exponent that is a function of
the control quantity (the temperature in their case and DGD or the penalty due to PMD in
ours). This assumption is valid in a large number of problems in optical fiber communica‐
tions, including the pdf of the DGD in fibers with an arbitrary number of sections [19], [23].
The recursions in (1) and (2) were derived by applying a quasi-linear approximation to the
logarithm of the pdf in addition to a method for combining the information in the current
histogram with that of previous iterations according to their relative statistical significance
[16], [19].

2.1.4. Correlations

The goal of any scheme for biasing Monte Carlo simulations, including MMC, is to reduce
the variance of the quantities of interest. MMC uses a set of systematic procedures to reduce
the variance, which are highly nonlinear as well as iterative and have the effect of inducing a
complex web of correlations from sample to sample in each iteration and between iterations.
These, in turn, induce bin-to-bin correlations in the histograms of the pdfs. It is easy to see
that the use of (1) and (2) generates correlated estimates for the Pk

j, although this procedure
significantly reduces the variance [16]. In this section, we illustrate this correlation by show‐
ing results obtained when we applied MMC to compute the pdf of the DGD for a PMD emu‐
lator with 80 sections.

We computed the correlation coefficient between bin i and each bin j (1≤ j ≤80) in the histo‐
gram of the normalized DGD by doing a statistical analysis on an ensemble of many inde‐
pendent standard MMC simulations. The normalized DGD, | τ | / | τ | , is defined as the
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DGD divided by its expected value, which is 30 ps in this case. Suppose that on the l-th
MMC simulation, we have Pi

l  as the probability of the i-th bin and suppose that the average
over all L  MMC simulations is Pī. Then, we define a normalized correlation between bin i
and bin j as
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where σPi
 and σPj

 are the standard deviation of Pi and Pj, respectively. The normalized cor‐
relation defined in (3) is known as Pearson's correlation coefficient [24].

The values for C(i, j) generated by (3) will range from -1 to 1. A value of +1 indicates a per‐
fect correlation between the random variables. While a value of -1 indicates a perfect anti-
correlation between the random variables. A value of zero indicates no correlation between
the random variables.

In Figs. 1–3, we show the correlation coefficients between bin i and bin j, 1≤ j ≤80, for the
DGD in the bin i, DGDi, equal to 30 ps, 45 ps, and 75 ps, respectively. In this case, we used a
PMD emulator with 80 sections and the mean DGD is equal to 30 ps. To compute each value
of C(i, j) we used L =32 MMC simulations. We computed sample mean C(i, j )̄ and standard
deviation σC (i , j) using 32 samples of C(i, j). The values of the standard deviation for the re‐

sults shown in Figs. 1–3 are in the range from 1.84×10−2 to 3.91×10−2. Note that DGDi equal
to 75 ps represents a case in the tail of the pdf of the DGD, where the unbiased Monte Carlo
method has very low probability of generating samples, by contrast to a biased Monte Carlo
method such as MMC. The results show that the correlations are not significant until we use
a large value for DGDi compared to the mean DGD. However, these values of DGDi are pre‐
cisely the values of greatest interest.

Figure 1. Correlation coefficients between bin i and bin j (1 ≤ j ≤ 80) for the 80-section emulator, where the bin i cor‐
responds to DGDi=30 ps (1 ×  mean DGD). The correlation coefficients are computed using 32 standard MMC simula‐
tions. Each standard MMC simulation consists of 30 MMC iterations with 8,000 samples.
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Figure 2. Correlation coefficients between bin i and bin j (1 ≤ j ≤ 80) for the 80-section emulator, where the bin i cor‐
responds to DGDi=45 ps (1.5 ×  mean DGD). The correlation coefficients are computed using 32 standard MMC simu‐
lations. Each standard MMC simulation consists of 30 MMC iterations with 8,000 samples.

Figure 3. Correlation coefficients between bin i and bin j (1 ≤ j ≤ 80) for the 80-section emulator, where the bin i cor‐
responds to DGDi=75 ps (2.5 ×  mean DGD). The correlation coefficients are computed using 32 standard MMC simu‐
lations. Each standard MMC simulation consists of 30 MMC iterations with 8,000 samples.

2.2. Estimation of errors in MMC simulations

In this sub-section, we explain why a new error estimation procedure is needed for multica‐
nonical Monte Carlo simulations, and we then present the transition matrix method that we
developed to efficiently estimate the error in MMC. Finally, we present the validation and
application of this method.

2.2.1. Why a new error estimation procedure ?

Since MMC is a Monte Carlo technique, it is subject to statistical errors, and it is essential to
determine their magnitude. In [25], we showed how to compute errors when using impor‐
tance sampling. In this sub-section, we show how one can efficiently estimate errors in
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MMC simulations using a transition matrix method that we developed. In practice, users of
Monte Carlo methods often avoid making detailed error estimates. For example, when using
an standard, unbiased Monte Carlo simulation to calculate the pdf of a quantity such as the
DGD, the number of samples in each bin of the pdf's histogram is independent. Hence,
when the histogram is smooth, one can infer that the error is acceptably low. This procedure
is not reliable with MMC simulations because, as we showed in Section 2.1.4, the MMC al‐
gorithm induces a high degree of correlation from bin to bin. While it is always best to esti‐
mate error with any Monte Carlo method, it is particularly important in MMC simulations,
due to the presence of large sample-to-sample correlations on the tails of the distributions.

The existence of correlations in the samples generated with the MMC method makes calcu‐
lating the errors in MMC simulations significantly more difficult than in standard Monte
Carlo simulations. Also, due to the correlations, one cannot apply to MMC standard error
analysis that are traditionally used for simulations with uncorrelated samples. For the same
reason, one cannot determine the contribution of the variance from each iteration using
standard error propagation methods as in the case with importance sampling simulations
[5]. Thus, the MMC variance cannot be estimated by applying a standard error analysis to a
single MMC simulation. One can in principle run many independent MMC simulations in
order to estimate the error by using the standard sample variance formula [26] on the en‐
semble of MMC simulations. However, estimating the error of the pdf of the quantity of in‐
terest by running many independent MMC simulations is computationally costly and in
many cases not feasible. One can overcome this problem with the transition matrix method
that we developed.

The transition matrix method is an efficient numerical method to estimate statistical errors
in the pdfs computed using MMC. In this method, we use the estimated transition probabili‐
ty matrix to rapidly generate an ensemble of hundreds of pseudo-MMC simulations, which
allows one to estimate errors from only one standard MMC simulation. The transition prob‐
ability matrix, which is computed from a single, standard MMC simulation, contains all the
probabilities that a transition occurs from any bin of the histogram of the quantity of interest
to any other bin after a step (or perturbation) in the MMC random walk. The pseudo-MMC
simulations are then made using the computed transition matrix instead of running full sim‐
ulations. Each pseudo-MMC simulation must be made with the same number of samples
per iteration and the same number of iterations as in the original standard MMC simulation.
Once an ensemble of pseudo-MMC simulations has been calculated, one can use standard
procedures to estimate the error. Since the transition matrix that is used in the pseudo-MMC
simulations has its own statistical error, it might seem strange at first that it can be used as
the basis from which to estimate the error in the MMC simulations. However, bootstrap
theory assures us that such is the case [27]. Intuitively, the variation of any statistical quanti‐
ty among the members of an ensemble of pseudo-MMC simulations is expected to be the
same as the variation among members of an ensemble of standard MMC simulations be‐
cause the simulations are carried out with the same number of samples and the same num‐
ber of iterations.
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Figure 2. Correlation coefficients between bin i and bin j (1 ≤ j ≤ 80) for the 80-section emulator, where the bin i cor‐
responds to DGDi=45 ps (1.5 ×  mean DGD). The correlation coefficients are computed using 32 standard MMC simu‐
lations. Each standard MMC simulation consists of 30 MMC iterations with 8,000 samples.

Figure 3. Correlation coefficients between bin i and bin j (1 ≤ j ≤ 80) for the 80-section emulator, where the bin i cor‐
responds to DGDi=75 ps (2.5 ×  mean DGD). The correlation coefficients are computed using 32 standard MMC simu‐
lations. Each standard MMC simulation consists of 30 MMC iterations with 8,000 samples.

2.2. Estimation of errors in MMC simulations

In this sub-section, we explain why a new error estimation procedure is needed for multica‐
nonical Monte Carlo simulations, and we then present the transition matrix method that we
developed to efficiently estimate the error in MMC. Finally, we present the validation and
application of this method.

2.2.1. Why a new error estimation procedure ?

Since MMC is a Monte Carlo technique, it is subject to statistical errors, and it is essential to
determine their magnitude. In [25], we showed how to compute errors when using impor‐
tance sampling. In this sub-section, we show how one can efficiently estimate errors in
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MMC simulations using a transition matrix method that we developed. In practice, users of
Monte Carlo methods often avoid making detailed error estimates. For example, when using
an standard, unbiased Monte Carlo simulation to calculate the pdf of a quantity such as the
DGD, the number of samples in each bin of the pdf's histogram is independent. Hence,
when the histogram is smooth, one can infer that the error is acceptably low. This procedure
is not reliable with MMC simulations because, as we showed in Section 2.1.4, the MMC al‐
gorithm induces a high degree of correlation from bin to bin. While it is always best to esti‐
mate error with any Monte Carlo method, it is particularly important in MMC simulations,
due to the presence of large sample-to-sample correlations on the tails of the distributions.

The existence of correlations in the samples generated with the MMC method makes calcu‐
lating the errors in MMC simulations significantly more difficult than in standard Monte
Carlo simulations. Also, due to the correlations, one cannot apply to MMC standard error
analysis that are traditionally used for simulations with uncorrelated samples. For the same
reason, one cannot determine the contribution of the variance from each iteration using
standard error propagation methods as in the case with importance sampling simulations
[5]. Thus, the MMC variance cannot be estimated by applying a standard error analysis to a
single MMC simulation. One can in principle run many independent MMC simulations in
order to estimate the error by using the standard sample variance formula [26] on the en‐
semble of MMC simulations. However, estimating the error of the pdf of the quantity of in‐
terest by running many independent MMC simulations is computationally costly and in
many cases not feasible. One can overcome this problem with the transition matrix method
that we developed.

The transition matrix method is an efficient numerical method to estimate statistical errors
in the pdfs computed using MMC. In this method, we use the estimated transition probabili‐
ty matrix to rapidly generate an ensemble of hundreds of pseudo-MMC simulations, which
allows one to estimate errors from only one standard MMC simulation. The transition prob‐
ability matrix, which is computed from a single, standard MMC simulation, contains all the
probabilities that a transition occurs from any bin of the histogram of the quantity of interest
to any other bin after a step (or perturbation) in the MMC random walk. The pseudo-MMC
simulations are then made using the computed transition matrix instead of running full sim‐
ulations. Each pseudo-MMC simulation must be made with the same number of samples
per iteration and the same number of iterations as in the original standard MMC simulation.
Once an ensemble of pseudo-MMC simulations has been calculated, one can use standard
procedures to estimate the error. Since the transition matrix that is used in the pseudo-MMC
simulations has its own statistical error, it might seem strange at first that it can be used as
the basis from which to estimate the error in the MMC simulations. However, bootstrap
theory assures us that such is the case [27]. Intuitively, the variation of any statistical quanti‐
ty among the members of an ensemble of pseudo-MMC simulations is expected to be the
same as the variation among members of an ensemble of standard MMC simulations be‐
cause the simulations are carried out with the same number of samples and the same num‐
ber of iterations.
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To illustrate the transition matrix method, we calculated the pdf of DGD due to PMD and
the associated confidence interval for two types of PMD emulators [28]. We validated our
method by comparison to the results obtained by using a large ensemble of standard MMC
simulations. We tested our method by applying it to PMD emulators because it was the first
random phenomenon in optical fiber communication to which MMC was applied [19] and
has become essential for testing biasing Monte Carlo methods. Moreover, it is computation‐
ally feasible to validate the proposed method with a large ensemble of standard MMC simu‐
lations. That is not the case for most other problems, e.g., the error rate due to optical noise
[29] and the residual penalty in certain PMD-compensated systems [6].

2.2.2. New error estimation procedure

Here we introduce an efficient numerical procedure that we refer to as the transition matrix
method, to compute statistical errors in MMC simulations that properly accounts for the
contributions of all MMC iterations. The transition matrix method is a bootstrap resampling
method [27], [30] that uses a computed estimate of the probability of a transition from bin i
to bin j of the histogram of the DGD. In a bootstrap method, one estimates a complex statis‐
tical quantity by extracting samples from an unknown distribution and computing the stat‐
istical quantity. In the case of computing the pdf of the DGD in PMD emulators, the
complex statistical quantity is the probability of each bin in the histogram of the DGD, the
pseudo-samples are the DGD values obtained in the pseudo-MMC simulations, and the un‐
known distribution is the true transition matrix. One then repeatedly and independently
draws an ensemble of pseudo-samples with replacement from each original sample and
computes the statistical quantity of interest using the same procedure by which the statisti‐
cal quantity was first estimated. One can then estimate the variance of the quantity of inter‐
est from these pseudo-samples using standard techniques. The bootstrap method is useful
when it is computationally far more rapid to resample the original set of samples than to
generate new samples, allowing for an efficient estimate of the variance.

2.3. Bootstrap method

Efron's bootstrap [27] is a well-known general purpose technique for obtaining statistical es‐
timates without making a priori assumptions about the distribution of the data. A schematic
illustration of this method is shown in Fig.4. Suppose one draws a random vector
x=( x1,x2,...,xn) with n samples from an unknown probability distribution F  and one wishes
to estimate the error in a parameter of interest θ̂= f (x). Since there is only one sample of θ̂,
one cannot use the sample standard deviation formula to compute the error. However, one
can use the random vector x to determine an empirical distribution F̂  from F  (unknown dis‐
tribution). Then, one can generate bootstrap samples from F̂ , x* =( x1

*,x2
*,...,xn

*), to obtain

θ̂*= f (x*) by drawing n samples with replacement from x. The quantity f (x*) is the result of
applying the same function f (.)  to x* as was applied to x. For example, if f (x) is the median
of x, then f (x*) is the median of the bootstrap resampled data set. The star notation indicates
that x* is not the actual data set x, but rather a resampled version of x obtained from the esti‐
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mated distribution F̂ . Note that one can rapidly generate as many bootstrap samples x* as
one needs, since those simulations do not make use the system model, and then generate
independent bootstrap sample estimates of θ̂, θ̂1

*= f (x1
* ), ... , θ̂B

* = f (xB
* ), where B is the total

number of bootstrap samples. Then, one can estimate the error in θ̂ using the standard devi‐
ation formula on the bootstrap samples θ̂*.

Figure 4. On the left, we show the drawing of a true realization form the actual, unknown distribution F. On the right,
we show the same procedure applied to drawing bootstrap realizations.

The transition matrix method that we describe in this chapter is related to the bootstrap re‐
sampling method as follows:

1. F̂  is an estimate of the transition matrix obtained from a single standard MMC simula‐
tion;

2. x1
*,..., xB

* , are the collection of samples that is obtained from the ensemble of pseudo-

MMC simulations. We note that xb
* should be computed using the exact same number of

iterations and the exact same number of samples per iteration as in the original stand‐
ard MMC simulation;

3. Each θ̂b
*, where b=1,2,...,B, is a value for the probability pk

* of the k -th bin of the histo‐
gram of the DGD obtained from each of the pseudo-MMC simulations;

4. Given that one has B independent pk
*, one can obtain an error estimate for each bin in

the estimated pdf of the DGD using the traditional sample standard deviation formula
[26, 27].
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To illustrate the transition matrix method, we calculated the pdf of DGD due to PMD and
the associated confidence interval for two types of PMD emulators [28]. We validated our
method by comparison to the results obtained by using a large ensemble of standard MMC
simulations. We tested our method by applying it to PMD emulators because it was the first
random phenomenon in optical fiber communication to which MMC was applied [19] and
has become essential for testing biasing Monte Carlo methods. Moreover, it is computation‐
ally feasible to validate the proposed method with a large ensemble of standard MMC simu‐
lations. That is not the case for most other problems, e.g., the error rate due to optical noise
[29] and the residual penalty in certain PMD-compensated systems [6].

2.2.2. New error estimation procedure

Here we introduce an efficient numerical procedure that we refer to as the transition matrix
method, to compute statistical errors in MMC simulations that properly accounts for the
contributions of all MMC iterations. The transition matrix method is a bootstrap resampling
method [27], [30] that uses a computed estimate of the probability of a transition from bin i
to bin j of the histogram of the DGD. In a bootstrap method, one estimates a complex statis‐
tical quantity by extracting samples from an unknown distribution and computing the stat‐
istical quantity. In the case of computing the pdf of the DGD in PMD emulators, the
complex statistical quantity is the probability of each bin in the histogram of the DGD, the
pseudo-samples are the DGD values obtained in the pseudo-MMC simulations, and the un‐
known distribution is the true transition matrix. One then repeatedly and independently
draws an ensemble of pseudo-samples with replacement from each original sample and
computes the statistical quantity of interest using the same procedure by which the statisti‐
cal quantity was first estimated. One can then estimate the variance of the quantity of inter‐
est from these pseudo-samples using standard techniques. The bootstrap method is useful
when it is computationally far more rapid to resample the original set of samples than to
generate new samples, allowing for an efficient estimate of the variance.

2.3. Bootstrap method

Efron's bootstrap [27] is a well-known general purpose technique for obtaining statistical es‐
timates without making a priori assumptions about the distribution of the data. A schematic
illustration of this method is shown in Fig.4. Suppose one draws a random vector
x=( x1,x2,...,xn) with n samples from an unknown probability distribution F  and one wishes
to estimate the error in a parameter of interest θ̂= f (x). Since there is only one sample of θ̂,
one cannot use the sample standard deviation formula to compute the error. However, one
can use the random vector x to determine an empirical distribution F̂  from F  (unknown dis‐
tribution). Then, one can generate bootstrap samples from F̂ , x* =( x1

*,x2
*,...,xn

*), to obtain

θ̂*= f (x*) by drawing n samples with replacement from x. The quantity f (x*) is the result of
applying the same function f (.)  to x* as was applied to x. For example, if f (x) is the median
of x, then f (x*) is the median of the bootstrap resampled data set. The star notation indicates
that x* is not the actual data set x, but rather a resampled version of x obtained from the esti‐
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mated distribution F̂ . Note that one can rapidly generate as many bootstrap samples x* as
one needs, since those simulations do not make use the system model, and then generate
independent bootstrap sample estimates of θ̂, θ̂1

*= f (x1
* ), ... , θ̂B

* = f (xB
* ), where B is the total

number of bootstrap samples. Then, one can estimate the error in θ̂ using the standard devi‐
ation formula on the bootstrap samples θ̂*.

Figure 4. On the left, we show the drawing of a true realization form the actual, unknown distribution F. On the right,
we show the same procedure applied to drawing bootstrap realizations.

The transition matrix method that we describe in this chapter is related to the bootstrap re‐
sampling method as follows:

1. F̂  is an estimate of the transition matrix obtained from a single standard MMC simula‐
tion;

2. x1
*,..., xB

* , are the collection of samples that is obtained from the ensemble of pseudo-

MMC simulations. We note that xb
* should be computed using the exact same number of

iterations and the exact same number of samples per iteration as in the original stand‐
ard MMC simulation;

3. Each θ̂b
*, where b=1,2,...,B, is a value for the probability pk

* of the k -th bin of the histo‐
gram of the DGD obtained from each of the pseudo-MMC simulations;

4. Given that one has B independent pk
*, one can obtain an error estimate for each bin in

the estimated pdf of the DGD using the traditional sample standard deviation formula
[26, 27].
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2.4. The transition matrix method

In this sub-section, we explain the transition matrix method in the context of computing er‐
rors in the pdf of the DGD for PMD emulators. The transition matrix method has two parts.
In the first part, one obtains an estimate of the pdf of the DGD and an estimate of the one-
step transition probability matrix Π. To do so, one runs a standard MMC simulation, as de‐
scribed in Section 2.1.2. At the same time, one computes an estimate of the transition
probability πi , j, which is the probability that a sample in the bin i will move to the bin j
after a single step in the MMC algorithm. We stress that a transition attempt must be record‐
ed whether or not it is accepted by the Metropolis algorithm after the fiber undergoes a ran‐
dom perturbation. The transition matrix is a matrix that contains the probability that a
transition will take place from one bin to any other bin when applying a random perturba‐
tion. It is independent of the procedure for rejecting or accepting samples, which is how the
biasing is implemented in the MMC method. An estimate of the transition matrix that is
statistically as accurate as the estimate of the pdf using MMC can be obtained by consider‐
ing all the transitions that were attempted in the MMC ensemble. One uses this information
to build a Nb × Nb one-step transition probability matrix, where Nb is the number of bins in
the histogram of the pdf. The transition matrix Π consists of elements πi , j, where the sum of
the row elements of Π equals 1. The elements πi , j are computed as
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And πi , j=0, otherwise. In (6), Mt  is the total number of samples in the MMC simulation and
Em is the m-th DGD sample. The indicator function Ii(E ) is chosen to compute the probabili‐
ty of having a DGD sample inside the bin i of the histogram. Thus, Ii(E ) is defined as 1 in‐
side the DGD range of the bin i, otherwise Ii(E ) is defined as 0. In the second part of the
procedure, one carries out a new series of MMC simulations (using the transition probability
matrix), that we refer to as pseudo-MMC simulations. In each step, if one starts for example
in bin i of the histogram, one picks a new provisional bin j using a procedure to sample
from the pdf πi, where πi( j )=πi , j. One then accepts or rejects this provisional transition us‐
ing the same criteria as in full, standard MMC simulations, and the number of samples in
the bins of histogram is updated accordingly. Thus, one is using the transition matrix Π to
emulate the random changes in the DGD that result from the perturbations Δϕi, Δγi, and
Δψi that were used in the original standard MMC simulation. In all other respects, each
pseudo-MMC simulation is like the standard MMC simulation. In particular, the metric for
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accepting or rejecting a step, the number of samples per iteration, and the number of itera‐
tions must be kept the same. It is possible to carry out hundreds of these pseudo-MMC sim‐
ulations in a small fraction of the computer time that it takes to carry out a single standard
MMC simulation. This procedure requires us to hold the entire transition matrix in memory,
which could in principle be memory-intensive, although this issue did not arise in any of the
problems that we considered. This procedure will be useful when evaluating a transition us‐
ing the transition matrix requires far less computational time than calculating a transition
using the underlying physics. This is an assumption that was valid for the cases in which we
considered, and we expect that it is applicable to most practical problems. An estimate of the
pdf of the DGD is obtained in the final iteration of each pseudo-MMC simulation. Since the
estimates of the probability in a given bin in the different pseudo-MMC simulations are in‐
dependent, one may apply the standard formula for computation of the variance σpi
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i-th bin

( )2
2

, ,
=1 =1

1 1= , with = ,
( 1)

B B

i b i i i bpi b b
p p p p

B B
s -

- å å* * * *
* (7)

where pi ,b
*  is the probability of the i-th bin in the histogram of the DGD obtained in the b-th

pseudo-MMC simulation and B is the total number of pseudo-MMC simulations. Thus, σpi
*

is an estimate of the error in the i-th bin in the histogram of the DGD obtained in a single
MMC simulation. We now illustrate the details of how we choose the provisional transition
from bin i to bin j with the following pseudo-code:

bin DGD of current sample = i

use random number to generate x from a uniform pdf between 0 and 1:x←U 0,1

for j=1 to Nb

if (x <πi , j
cdf )

new bin = j

break

end if

end for

current bin = new bin

where πi , j
cdf=∑

m=1

j
πi ,m is the cumulative transition probability. This procedure is used to sample

from the pdf πi, where πi( j )=πi , j, and with πi , j defined as the probability that a sample in
the bin i will move to the bin j.
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scribed in Section 2.1.2. At the same time, one computes an estimate of the transition
probability πi , j, which is the probability that a sample in the bin i will move to the bin j
after a single step in the MMC algorithm. We stress that a transition attempt must be record‐
ed whether or not it is accepted by the Metropolis algorithm after the fiber undergoes a ran‐
dom perturbation. The transition matrix is a matrix that contains the probability that a
transition will take place from one bin to any other bin when applying a random perturba‐
tion. It is independent of the procedure for rejecting or accepting samples, which is how the
biasing is implemented in the MMC method. An estimate of the transition matrix that is
statistically as accurate as the estimate of the pdf using MMC can be obtained by consider‐
ing all the transitions that were attempted in the MMC ensemble. One uses this information
to build a Nb × Nb one-step transition probability matrix, where Nb is the number of bins in
the histogram of the pdf. The transition matrix Π consists of elements πi , j, where the sum of
the row elements of Π equals 1. The elements πi , j are computed as
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And πi , j=0, otherwise. In (6), Mt  is the total number of samples in the MMC simulation and
Em is the m-th DGD sample. The indicator function Ii(E ) is chosen to compute the probabili‐
ty of having a DGD sample inside the bin i of the histogram. Thus, Ii(E ) is defined as 1 in‐
side the DGD range of the bin i, otherwise Ii(E ) is defined as 0. In the second part of the
procedure, one carries out a new series of MMC simulations (using the transition probability
matrix), that we refer to as pseudo-MMC simulations. In each step, if one starts for example
in bin i of the histogram, one picks a new provisional bin j using a procedure to sample
from the pdf πi, where πi( j )=πi , j. One then accepts or rejects this provisional transition us‐
ing the same criteria as in full, standard MMC simulations, and the number of samples in
the bins of histogram is updated accordingly. Thus, one is using the transition matrix Π to
emulate the random changes in the DGD that result from the perturbations Δϕi, Δγi, and
Δψi that were used in the original standard MMC simulation. In all other respects, each
pseudo-MMC simulation is like the standard MMC simulation. In particular, the metric for
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accepting or rejecting a step, the number of samples per iteration, and the number of itera‐
tions must be kept the same. It is possible to carry out hundreds of these pseudo-MMC sim‐
ulations in a small fraction of the computer time that it takes to carry out a single standard
MMC simulation. This procedure requires us to hold the entire transition matrix in memory,
which could in principle be memory-intensive, although this issue did not arise in any of the
problems that we considered. This procedure will be useful when evaluating a transition us‐
ing the transition matrix requires far less computational time than calculating a transition
using the underlying physics. This is an assumption that was valid for the cases in which we
considered, and we expect that it is applicable to most practical problems. An estimate of the
pdf of the DGD is obtained in the final iteration of each pseudo-MMC simulation. Since the
estimates of the probability in a given bin in the different pseudo-MMC simulations are in‐
dependent, one may apply the standard formula for computation of the variance σpi
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where pi ,b
*  is the probability of the i-th bin in the histogram of the DGD obtained in the b-th

pseudo-MMC simulation and B is the total number of pseudo-MMC simulations. Thus, σpi
*

is an estimate of the error in the i-th bin in the histogram of the DGD obtained in a single
MMC simulation. We now illustrate the details of how we choose the provisional transition
from bin i to bin j with the following pseudo-code:

bin DGD of current sample = i

use random number to generate x from a uniform pdf between 0 and 1:x←U 0,1

for j=1 to Nb

if (x <πi , j
cdf )

new bin = j

break

end if

end for

current bin = new bin

where πi , j
cdf=∑

m=1

j
πi ,m is the cumulative transition probability. This procedure is used to sample

from the pdf πi, where πi( j )=πi , j, and with πi , j defined as the probability that a sample in
the bin i will move to the bin j.
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2.5. Assessing the error in the MMC error estimation

The estimate of the MMC variance also has an error, which depends on the number of sam‐
ples in a single standard MMC simulation and on the number of pseudo-MMC simulations
(bootstrap samples) [31]. Here, the error due to the bootstrap resampling is minimized by
using 1,000 bootstrap pseudo-MMC simulations. Therefore, the residual error is due to the
finite number of samples used to estimate both the pdf of the DGD and the transition matrix
in the single standard MMC simulation, i.e., in the first part of the transition matrix method.
Thus, there is a variability in the estimate of the MMC variance due to the variability of the
transition matrix Π̂ as an estimate of the true transition matrix Π. To estimate the error in
the estimate of the MMC variance, we apply a procedure known in the literature as boot‐
strapping the bootstrap or iterated bootstrap [32]. The procedure is based on the principle that if
the bootstrap can estimate errors in one statistical parameter using Π̂, one can also use boot‐
strap to check the uncertainty in the error estimate using bootstrap resampled transition ma‐
trices Π̂*. The procedure consists of:

1. Running one standard MMC simulation;

2. Generating NB=100 pseudo-MMC simulations and computing transition matrices for
each of the pseudo-MMC simulation. Therefore, we obtain NB transition matrices that

we call pseudo-transition matrices Π̂B
* ;

3. For each pseudo-transition matrix Π̂B
*  we calculate NB=100 pseudo-MMC simulations

(NB values for the probability of any given bin of the estimated pdf of the DGD, p **).
The double star notation indicates quantities computed with bootstrap resampling from
a pseudo-transition matrix. We then estimate the error for the probability of any given
bin in the estimated pdf of the DGD, σp **, for each pseudo-transition matrix;

4. Since we have NB=100 pseudo-transition matrices, we repeat step 3 NB times and obtain

NB values for σp **. Then, we compute the double bootstrap confidence interval Δp ** of

the relative variation of the error of p (statistical error in p, where p is the probability of
any given bin in the estimated pdf of the DGD computed using a single standard MMC
simulation):
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In (9) and (10), σp **
(n) is the standard deviation of p ** computed using the n-th pseudo-transi‐

tion matrix.

Figure 5. Relative variation (σ̂P
^

DGD / P̂ DGD) of the pdf of the normalized DGD, | τ | / | τ | , for the 15-section PMD emu‐

lator using 14 MMC iterations with 4,000 samples. The confidence interval is given by (8) when we compute an en‐
semble of standard deviations using bootstrap resampling for each of the 100 pseudo-transition matrices.

In Fig. 5, we show the relative variation of p ** and its confidence interval Δp ** for a PMD
emulator with 15 sections. We used 14 MMC iterations with 4,000 samples each (total of
56,000 samples). The confidence interval of the relative variation is defined in (8). We used a
total of 80 evenly-spaced bins where we set the maximum value for the normalized DGD as
five times the mean DGD. We also use the same number for bins for all the figures shown in
this chapter. As expected, we observed that the error in the estimate of the MMC variance is
large when the MMC variance is also large. The confidence interval Δp ** is between
(2.73×10−2, 3.19×10−2) and (3.61×10−1, 4.62×10−1) for | τ | / |τ| <2. It increases to
(2.68×10−1,4.48×10−1) when |τ | / |τ| =3 and to (4.05×10−1, 9.09×10−1) at the largest value
of | τ | / |τ| . We concluded that the estimate of the relative variation of the probability of
a bin is a good estimate of its own accuracy. This result is similar to what is observed with
the standard analysis of standard Monte Carlo simulations [26]. Intuitively, one expects the
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2.5. Assessing the error in the MMC error estimation

The estimate of the MMC variance also has an error, which depends on the number of sam‐
ples in a single standard MMC simulation and on the number of pseudo-MMC simulations
(bootstrap samples) [31]. Here, the error due to the bootstrap resampling is minimized by
using 1,000 bootstrap pseudo-MMC simulations. Therefore, the residual error is due to the
finite number of samples used to estimate both the pdf of the DGD and the transition matrix
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strap to check the uncertainty in the error estimate using bootstrap resampled transition ma‐
trices Π̂*. The procedure consists of:

1. Running one standard MMC simulation;

2. Generating NB=100 pseudo-MMC simulations and computing transition matrices for
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we call pseudo-transition matrices Π̂B
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3. For each pseudo-transition matrix Π̂B
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(NB values for the probability of any given bin of the estimated pdf of the DGD, p **).
The double star notation indicates quantities computed with bootstrap resampling from
a pseudo-transition matrix. We then estimate the error for the probability of any given
bin in the estimated pdf of the DGD, σp **, for each pseudo-transition matrix;

4. Since we have NB=100 pseudo-transition matrices, we repeat step 3 NB times and obtain

NB values for σp **. Then, we compute the double bootstrap confidence interval Δp ** of

the relative variation of the error of p (statistical error in p, where p is the probability of
any given bin in the estimated pdf of the DGD computed using a single standard MMC
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lator using 14 MMC iterations with 4,000 samples. The confidence interval is given by (8) when we compute an en‐
semble of standard deviations using bootstrap resampling for each of the 100 pseudo-transition matrices.

In Fig. 5, we show the relative variation of p ** and its confidence interval Δp ** for a PMD
emulator with 15 sections. We used 14 MMC iterations with 4,000 samples each (total of
56,000 samples). The confidence interval of the relative variation is defined in (8). We used a
total of 80 evenly-spaced bins where we set the maximum value for the normalized DGD as
five times the mean DGD. We also use the same number for bins for all the figures shown in
this chapter. As expected, we observed that the error in the estimate of the MMC variance is
large when the MMC variance is also large. The confidence interval Δp ** is between
(2.73×10−2, 3.19×10−2) and (3.61×10−1, 4.62×10−1) for | τ | / |τ| <2. It increases to
(2.68×10−1,4.48×10−1) when |τ | / |τ| =3 and to (4.05×10−1, 9.09×10−1) at the largest value
of | τ | / |τ| . We concluded that the estimate of the relative variation of the probability of
a bin is a good estimate of its own accuracy. This result is similar to what is observed with
the standard analysis of standard Monte Carlo simulations [26]. Intuitively, one expects the
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relative error and the error in the estimated error to be closely related because both are
drawn from the same sample space. In Fig. 5, we also observe that the relative variation in‐
creases with the DGD for values larger than the mean DGD, especially in the tail of the pdf.
This phenomenon occurs because the regions in the configuration space that contribute to
the tail of the pdf of the DGD are only explored by the MMC algorithm after several itera‐
tions. As the number of iterations increases, the MMC algorithm allows the exploration of
less probable regions of the configuration space. Because less probable regions are explored
in the last iterations, there will be a significantly smaller number of hits in the regions that
contribute to the tail of the pdf of the DGD. As a consequence, the relative variation will in‐
crease as the DGD increases.

2.6. Application and validation

We estimated the pdf of the normalized DGD (P̂DGD) and its associated confidence interval
ΔP̂DGD for PMD emulators comprised of 15 and 80 birefringent fiber sections with polariza‐
tion scramblers at the beginning of each section. The normalized DGD, |τ| / |τ| , is de‐
fined as the DGD divided by its expected value, which is equal 30 ps. We used 14 MMC
iterations with 4,000 samples each to compute the pdf of the normalized DGD when we
used a 15-section emulator and 30 MMC iterations with 8,000 samples each when we used
an 80-section PMD emulator.

Figure 6. Relative variation (σ̂P
^

DGD / P̂ DGD) of the pdf of the normalized DGD, | τ | / |τ | . (i) Circles: Transition matrix

method based on a single standard MMC simulation for the 15-section PMD emulator; (ii) Solid: 103 standard MMC
simulations for the 15-section emulator; (iii) Dashed: Confidence interval of the relative variation of the error estimat‐
ed using the transition matrix method for the 15-section PMD emulator; (iv) Squares: Transition matrix method based
on a single standard MMC simulation for the 80-section PMD emulator; (v) Dot-dashed: 103 standard MMC simula‐
tions for the 80-section PMD emulator.

We monitored the accuracy of our computation by calculating the relative variation of the
pdf of the normalized DGD. The relative variation is defined as the ratio between the stand‐
ard deviation of the pdf of the normalized DGD and the pdf of the normalized DGD
(σ̂P

^
DGD / P̂DGD). In Fig. 6, we show the relative variation when we used PMD emulators with
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15 and with 80 birefringent sections. The symbols show the relative variation when we ap‐
plied the procedure that we described in Section 2 with 1,000 pseudo-MMC simulations
based on a single standard MMC simulation and the transition matrix method, while the
solid and the dot-dashed lines show the relative variation when we used 1,000 standard
MMC simulations. The circles and the solid line show the results for a 15-section PMD emu‐
lator, while the squares and dot-dashed line show the results when we used an 80-section
PMD emulator. As expected, the result from an ensemble of pseudo-MMC simulations
shows a systematic deviation from the result from an ensemble of standard MMC simula‐
tions for both emulators. The systematic deviation changes depending on which standard
MMC simulation is used to generate the pseudo ensemble. In Fig. 6, the two dashed lines
show the confidence interval of the relative variation with the 15-section PMD emulator
computed using the transition matrix method, i.e., the confidence interval for the results that
are shown with the circles. The confidence interval Δp ** is between (3.04×10−2, 3.28×10−2)
and (2.76×10−1, 3.62×10−1) for | τ | / | τ | <2. It increases to (2.39×10−1, 4.31×10−1) when
| τ | / | τ | =3 and to (2.69×10−1, 9.88×10−1) at the largest value of | τ | / | τ | .

While the relative variation that is computed using the transition matrix method from a
single MMC simulation will vary from one standard MMC simulation to another, the re‐
sults obtained from different standard MMC simulations are likely to be inside this confi‐
dence  interval  with  a  well-defined  probability.  The  confidence  interval  of  the  relative
variation was obtained using a procedure similar to the one discussed in the Section 2.2,
except that we computed the relative variation of the probability of a bin using the transi‐
tion matrix method for every one of the 1,000 standard MMC simulations. Therefore, we
effectively computed the true confidence interval of the error estimated using the transi‐
tion  matrix  method.  We have  verified  that  the  confidence  interval  calculated  using  the
double bootstrap procedure on a single standard MMC simulation agrees well  with the
true confidence interval  in  all  the  cases  that  we investigated.  We observed an excellent
agreement between the results obtained with the transition matrix method based on a sin‐
gle standard MMC simulation and the results obtained with 1,000 standard MMC simula‐
tions for both 15 and 80 fiber sections when the relative variation (σ̂P

^
DGD / P̂DGD) is smaller

than 15%. For larger relative variation, the true error is within the confidence interval of
the error, which can be estimated using the double bootstrap method described in Section
2.2. The curves for the 80-section PMD emulator have a larger DGD range because a fiber
with 80 birefringent sections is able to produce larger DGD values than is possible with a
fiber with 15 birefringent fiber sections [28].

In Figs. 7 and 8, we show with symbols the results for the pdf of the normalized DGD and
its confidence interval using the numerical procedure that we presented in Section 2.2. The
solid line shows the pdf of the normalized DGD obtained analytically using a solution (see
[21]) for 15 and 80 concatenated birefringent fiber sections with equal length. For compari‐
son, we also show the Maxwellian pdf for the same mean DGD. In table 1, we present select‐
ed data points from the curves shown in Fig. 7. For both 15- and 80-section emulators, we
find that the MMC yields estimates of the pdf of the normalized DGD with a small confi‐
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relative error and the error in the estimated error to be closely related because both are
drawn from the same sample space. In Fig. 5, we also observe that the relative variation in‐
creases with the DGD for values larger than the mean DGD, especially in the tail of the pdf.
This phenomenon occurs because the regions in the configuration space that contribute to
the tail of the pdf of the DGD are only explored by the MMC algorithm after several itera‐
tions. As the number of iterations increases, the MMC algorithm allows the exploration of
less probable regions of the configuration space. Because less probable regions are explored
in the last iterations, there will be a significantly smaller number of hits in the regions that
contribute to the tail of the pdf of the DGD. As a consequence, the relative variation will in‐
crease as the DGD increases.

2.6. Application and validation

We estimated the pdf of the normalized DGD (P̂DGD) and its associated confidence interval
ΔP̂DGD for PMD emulators comprised of 15 and 80 birefringent fiber sections with polariza‐
tion scramblers at the beginning of each section. The normalized DGD, |τ| / |τ| , is de‐
fined as the DGD divided by its expected value, which is equal 30 ps. We used 14 MMC
iterations with 4,000 samples each to compute the pdf of the normalized DGD when we
used a 15-section emulator and 30 MMC iterations with 8,000 samples each when we used
an 80-section PMD emulator.

Figure 6. Relative variation (σ̂P
^

DGD / P̂ DGD) of the pdf of the normalized DGD, | τ | / |τ | . (i) Circles: Transition matrix

method based on a single standard MMC simulation for the 15-section PMD emulator; (ii) Solid: 103 standard MMC
simulations for the 15-section emulator; (iii) Dashed: Confidence interval of the relative variation of the error estimat‐
ed using the transition matrix method for the 15-section PMD emulator; (iv) Squares: Transition matrix method based
on a single standard MMC simulation for the 80-section PMD emulator; (v) Dot-dashed: 103 standard MMC simula‐
tions for the 80-section PMD emulator.

We monitored the accuracy of our computation by calculating the relative variation of the
pdf of the normalized DGD. The relative variation is defined as the ratio between the stand‐
ard deviation of the pdf of the normalized DGD and the pdf of the normalized DGD
(σ̂P

^
DGD / P̂DGD). In Fig. 6, we show the relative variation when we used PMD emulators with
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15 and with 80 birefringent sections. The symbols show the relative variation when we ap‐
plied the procedure that we described in Section 2 with 1,000 pseudo-MMC simulations
based on a single standard MMC simulation and the transition matrix method, while the
solid and the dot-dashed lines show the relative variation when we used 1,000 standard
MMC simulations. The circles and the solid line show the results for a 15-section PMD emu‐
lator, while the squares and dot-dashed line show the results when we used an 80-section
PMD emulator. As expected, the result from an ensemble of pseudo-MMC simulations
shows a systematic deviation from the result from an ensemble of standard MMC simula‐
tions for both emulators. The systematic deviation changes depending on which standard
MMC simulation is used to generate the pseudo ensemble. In Fig. 6, the two dashed lines
show the confidence interval of the relative variation with the 15-section PMD emulator
computed using the transition matrix method, i.e., the confidence interval for the results that
are shown with the circles. The confidence interval Δp ** is between (3.04×10−2, 3.28×10−2)
and (2.76×10−1, 3.62×10−1) for | τ | / | τ | <2. It increases to (2.39×10−1, 4.31×10−1) when
| τ | / | τ | =3 and to (2.69×10−1, 9.88×10−1) at the largest value of | τ | / | τ | .

While the relative variation that is computed using the transition matrix method from a
single MMC simulation will vary from one standard MMC simulation to another, the re‐
sults obtained from different standard MMC simulations are likely to be inside this confi‐
dence  interval  with  a  well-defined  probability.  The  confidence  interval  of  the  relative
variation was obtained using a procedure similar to the one discussed in the Section 2.2,
except that we computed the relative variation of the probability of a bin using the transi‐
tion matrix method for every one of the 1,000 standard MMC simulations. Therefore, we
effectively computed the true confidence interval of the error estimated using the transi‐
tion  matrix  method.  We have  verified  that  the  confidence  interval  calculated  using  the
double bootstrap procedure on a single standard MMC simulation agrees well  with the
true confidence interval  in  all  the  cases  that  we investigated.  We observed an excellent
agreement between the results obtained with the transition matrix method based on a sin‐
gle standard MMC simulation and the results obtained with 1,000 standard MMC simula‐
tions for both 15 and 80 fiber sections when the relative variation (σ̂P

^
DGD / P̂DGD) is smaller

than 15%. For larger relative variation, the true error is within the confidence interval of
the error, which can be estimated using the double bootstrap method described in Section
2.2. The curves for the 80-section PMD emulator have a larger DGD range because a fiber
with 80 birefringent sections is able to produce larger DGD values than is possible with a
fiber with 15 birefringent fiber sections [28].

In Figs. 7 and 8, we show with symbols the results for the pdf of the normalized DGD and
its confidence interval using the numerical procedure that we presented in Section 2.2. The
solid line shows the pdf of the normalized DGD obtained analytically using a solution (see
[21]) for 15 and 80 concatenated birefringent fiber sections with equal length. For compari‐
son, we also show the Maxwellian pdf for the same mean DGD. In table 1, we present select‐
ed data points from the curves shown in Fig. 7. For both 15- and 80-section emulators, we
find that the MMC yields estimates of the pdf of the normalized DGD with a small confi‐
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dence interval. In Figs. 7 and 8, we see that the standard deviation (σ̂P
^

DGD
) for the DGD pdf is

always small compared to the DGD pdf. The values of the relative variation (σ̂P
^

DGD / P̂DGD)
ranges from 0.016 to 0.541. We used only 56,000 MMC samples to compute the pdf of the
DGD in a 15-section emulator, but we were able nonetheless to accurately estimate probabil‐
ities as small as 10−8. Since the relative error in unbiased Monte Carlo simulations is approxi‐
mately given by NI

−1/2, where NI  is the number of hits in a given bin, it would be necessary

to use on the order of 109 unbiased Monte Carlo samples to obtain a statistical accuracy com‐
parable to the results that I show in the bin with lowest probability in Figs. 7 and 8.

Figure 7. The pdf of the normalized DGD, | τ | / | τ | , for the 15-section PMD emulator using 14 MMC iterations with
4,000 samples. (i) Diamonds: DGD pdf with error estimation using the transition matrix method, (ii) Dashed line: Max‐
wellian pdf, (iii) Solid line: Analytical pdf of the DGD for the 15-section PMD emulator.

Figure 8. The pdf of the normalized DGD, | τ | / | τ | , for the 80-section PMD emulator using 30 MMC iterations with
8,000 samples. (i) Diamonds: DGD pdf with error estimation using the transition matrix method, (ii) Dashed line: Max‐
wellian pdf, (iii) Solid line: Analytical pdf of the DGD for the 80-section PMD emulator.
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| τ | / | τ | PDGD P̂DGD σ̂P
^

DGD
σ̂P

^
DGD / P̂DGD

0.031 3.00 × 10−3 4.50 × 10−3 1.35 × 10−3 0.301

0.344 3.16 × 10−1 2.84 × 10−1 1.75 × 10−2 0.062

0.719 8.56 × 10−1 8.57 × 10−1 2.83 × 10−2 0.033

1.094 8.63 × 10−1 8.50 × 10−1 2.76 × 10−2 0.033

1.469 4.64 × 10−1 4.66 × 10−1 2.16 × 10−2 0.046

1.844 1.43 × 10−1 1.36 × 10−1 1.21 × 10−2 0.089

2.219 2.50 × 10−2 2.32 × 10−2 3.37 × 10−3 0.145

2.594 2.26 × 10−3 2.15 × 10−3 4.43 × 10−4 0.206

2.969 8.70 × 10−5 7.57 × 10−5 2.16 × 10−5 0.286

3.344 8.92 × 10−7 8.13 × 10−7 3.49 × 10−7 0.430

3.594 1.10 × 10−8 1.59 × 10−8 8.63 × 10−9 0.541

Table 1. Selected data points from the curves shown in Fig. 6. The columns from left to right show: the normalized
DGD value, the analytical probability density function, the estimated probability density function, the standard
deviation computed using the transition matrix method, and the relative variation.

We would like to stress that the computational time that is required to estimate the errors
using the transition matrix method does not scale with the time needed to carry out a single
standard MMC simulation. For instance, it takes approximately 17.5 seconds of computation
using a Pentium 4.0 computer with 3 GHz of clock speed to estimate the errors in the pdf of
the DGD for the 80-section emulator using 1,000 pseudo-MMC simulations with the transi‐
tion matrix method, once the transition matrix is available. The computational time that is
required to compute the pdf of the DGD using only one standard MMC simulation is 60 sec‐
onds. To obtain 1,000 standard MMC simulations would require about 16.6 hours of CPU
time in this case.

We also stress that it is difficult to estimate the statistical errors in MMC simulations because
the algorithm is iterative and highly nonlinear. We introduced the transition matrix method
that allows us to efficiently estimate the statistical errors from a single standard MMC simu‐
lation, and we showed that this method is a variant of the bootstrap procedure. We applied
this method to calculate the pdf of the DGD and its expected error for 15-section and 80-sec‐
tion PMD emulators. Finally, we validated this method in both cases by comparing the re‐
sults to estimates of the error from ensembles of 1,000 independent standard MMC
simulations. The agreement was excellent. In Section 4, we apply the transition matrix meth‐
od to estimate errors in the outage probability of PMD uncompensated and compensated
systems. We anticipate that the transition matrix method will allow one to estimate errors
with any application of MMC including the computation of the pdf of the received voltage
in optical communication systems [29] and the computation of rare events in coded commu‐
nication systems [33].
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dence interval. In Figs. 7 and 8, we see that the standard deviation (σ̂P
^

DGD
) for the DGD pdf is

always small compared to the DGD pdf. The values of the relative variation (σ̂P
^

DGD / P̂DGD)
ranges from 0.016 to 0.541. We used only 56,000 MMC samples to compute the pdf of the
DGD in a 15-section emulator, but we were able nonetheless to accurately estimate probabil‐
ities as small as 10−8. Since the relative error in unbiased Monte Carlo simulations is approxi‐
mately given by NI

−1/2, where NI  is the number of hits in a given bin, it would be necessary

to use on the order of 109 unbiased Monte Carlo samples to obtain a statistical accuracy com‐
parable to the results that I show in the bin with lowest probability in Figs. 7 and 8.

Figure 7. The pdf of the normalized DGD, | τ | / | τ | , for the 15-section PMD emulator using 14 MMC iterations with
4,000 samples. (i) Diamonds: DGD pdf with error estimation using the transition matrix method, (ii) Dashed line: Max‐
wellian pdf, (iii) Solid line: Analytical pdf of the DGD for the 15-section PMD emulator.

Figure 8. The pdf of the normalized DGD, | τ | / | τ | , for the 80-section PMD emulator using 30 MMC iterations with
8,000 samples. (i) Diamonds: DGD pdf with error estimation using the transition matrix method, (ii) Dashed line: Max‐
wellian pdf, (iii) Solid line: Analytical pdf of the DGD for the 80-section PMD emulator.
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Table 1. Selected data points from the curves shown in Fig. 6. The columns from left to right show: the normalized
DGD value, the analytical probability density function, the estimated probability density function, the standard
deviation computed using the transition matrix method, and the relative variation.

We would like to stress that the computational time that is required to estimate the errors
using the transition matrix method does not scale with the time needed to carry out a single
standard MMC simulation. For instance, it takes approximately 17.5 seconds of computation
using a Pentium 4.0 computer with 3 GHz of clock speed to estimate the errors in the pdf of
the DGD for the 80-section emulator using 1,000 pseudo-MMC simulations with the transi‐
tion matrix method, once the transition matrix is available. The computational time that is
required to compute the pdf of the DGD using only one standard MMC simulation is 60 sec‐
onds. To obtain 1,000 standard MMC simulations would require about 16.6 hours of CPU
time in this case.

We also stress that it is difficult to estimate the statistical errors in MMC simulations because
the algorithm is iterative and highly nonlinear. We introduced the transition matrix method
that allows us to efficiently estimate the statistical errors from a single standard MMC simu‐
lation, and we showed that this method is a variant of the bootstrap procedure. We applied
this method to calculate the pdf of the DGD and its expected error for 15-section and 80-sec‐
tion PMD emulators. Finally, we validated this method in both cases by comparing the re‐
sults to estimates of the error from ensembles of 1,000 independent standard MMC
simulations. The agreement was excellent. In Section 4, we apply the transition matrix meth‐
od to estimate errors in the outage probability of PMD uncompensated and compensated
systems. We anticipate that the transition matrix method will allow one to estimate errors
with any application of MMC including the computation of the pdf of the received voltage
in optical communication systems [29] and the computation of rare events in coded commu‐
nication systems [33].

Multicanonical Monte Carlo Method Applied to the Investigation of Polarization Effects in Optical Fiber…
http://dx.doi.org/10.5772/53306

141



3. PMD Compensators

In this chapter, we investigated a single-section and three-section PMD compensators. A sin‐
gle-section PMD compensator [34], which is a variable-DGD compensator that was pro‐
grammed to eliminate the residual DGD at the central frequency of the channel after
compensation, and a three-section PMD compensator proposed in [35], which compensates
for first- and second-order PMD. The three-section compensator consists of two fixed-DGD
elements that compensate for the second-order PMD and one variable-DGD element that
eliminates the residual DGD at the central frequency of the channel after compensation. The
three-section compensator that we used has the first- and second-order PMD as feedback
parameters. This compensator can also in principle operate in a feedforward configuration.

3.1. Single-section compensator

The increased understanding of PMD and its system impairments, together with a quest for
higher transmission bandwidths, has motivated considerable effort to mitigate the effects of
PMD, based on different compensation schemes [36], [37], [38]. One of the primary objec‐
tives has been to enable system upgrades from 2.5 Gbit/s to 10 Gbit/s or from 10 Gbit/s to 40
Gbit/s on old, embedded, high-PMD fibers. PMD compensation techniques must reduce the
impact of first-order PMD and should reduce higher-order PMD effects or at least not in‐
crease the higher orders of PMD. The techniques should also be able to rapidly track
changes in PMD, including changes both in the DGD and the PSPs. Other desired character‐
istics of PMD mitigation techniques are low cost and small size to minimize the impact on
existing system architectures. In addition, mitigation techniques should have a small num‐
ber of feedback parameters to control [39].

In this section, we describe a PMD compensator with an arbitrarily rotatable polarization
controller and a single DGD element, which can be fixed [40] or variable [41]. Figure 9
shows a schematic illustration of a single-section DGD compensator. The adjustable DGD el‐
ement or birefringent element is used to minimize the impact of the fiber PMD and the po‐
larization controller is used to adjust the direction of the polarization dispersion vector of
the compensator. The expression for the polarization dispersion vector after compensation,
which is equivalent to the one in [42], is given by

Figure 9. Schematic illustration of a single-section compensator with a monitor and a feedback element. In practical
systems, the compensator will usually be part of the receiver, so that the monitor and the feedback control are inte‐
grated with the detection circuit.
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τ
tot

(ω)= τ
c

+ Tc(ω)Rpcτ f
(ω), (11)

where τ
c
 is the polarization dispersion vector of the compensator, τ

f (ω) is the polarization

dispersion vector of the transmission fiber, Rpc is the polarization transformation in Stokes
space that is produced by the polarization controller of the compensator, and Tc(ω) is the
polarization transformation in Stokes space that is produced by the DGD element of the
compensator. We model the polarization transformation Rpc as

pc pc pc pcR = R ( )R ( )R ( ).x y xf y f- (12)

We note that the two parameters of the polarization controller's angles in (12) are the only
free parameters that a compensator with a fixed DGD element possesses, while the value of
the DGD element of a variable DGD compensator is an extra free parameter that must be
adjusted during the operation. In (12), the parameter ϕpc is the angle that determines the ax‐
is of polarization rotation in the y-z plane of the Poincaré sphere, while the parameter ψpc is
the angle of rotation around that axis of polarization rotation. An appropriate selection of
these two angles will transform an arbitrary input Stokes vector into a given output Stokes
vector. While most electronic polarization controllers have two or more parameters to adjust
that are different from ϕpc and ψpc, it is possible to configure them to operate in accordance
to the transformation matrix Rpc in (12) [43].

In all the work reported in this chapter, we used the eye opening as the feedback parameter
for the optimization algorithm unless otherwise stated. We defined the eye opening as the
difference between the lowest mark and the highest space at the decision time in the re‐
ceived electrical noise-free signal. The eye-opening penalty is defined as the ratio between
the back-to-back and the PMD-distorted eye opening. The back-to-back eye opening is com‐
puted when PMD is not included in the system. Since PMD causes pulse spreading in am‐
plitude-shift keyed modulation formats, the isolated marks and spaces are the ones that
suffer the highest penalty [44]. To define the decision time, we recovered the clock using an
algorithm based on one described by Trischitta and Varma [45].

We simulated the 16-bit string "0100100101101101." This bit string has isolated marks and
spaces, in addition to other combinations of marks and spaces. In most of other simulations
in this dissertation we use pseudorandom binary sequence pattern. The receiver model con‐
sists of an Gaussian optical filter with full width at half maximum (FWHM) of 60 GHz, a
square-law photodetector, and a fifth-order electrical Bessel filter with a 3 dB bandwidth of
8.6 GHz. To determine the decision time after the electronic receiver, we delayed the bit
stream by half a bit slot and subtracted it from the original stream, which is then squared.
As a result a strong tone is produced at 10 GHz. The decision time is set equal to the time at
which the phase of this tone is equal to π /2 . The goal of our study is to determine the per‐
formance limit of the compensators. In order to do that, we search for the angles ϕpc and ψpc.
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3. PMD Compensators

In this chapter, we investigated a single-section and three-section PMD compensators. A sin‐
gle-section PMD compensator [34], which is a variable-DGD compensator that was pro‐
grammed to eliminate the residual DGD at the central frequency of the channel after
compensation, and a three-section PMD compensator proposed in [35], which compensates
for first- and second-order PMD. The three-section compensator consists of two fixed-DGD
elements that compensate for the second-order PMD and one variable-DGD element that
eliminates the residual DGD at the central frequency of the channel after compensation. The
three-section compensator that we used has the first- and second-order PMD as feedback
parameters. This compensator can also in principle operate in a feedforward configuration.

3.1. Single-section compensator

The increased understanding of PMD and its system impairments, together with a quest for
higher transmission bandwidths, has motivated considerable effort to mitigate the effects of
PMD, based on different compensation schemes [36], [37], [38]. One of the primary objec‐
tives has been to enable system upgrades from 2.5 Gbit/s to 10 Gbit/s or from 10 Gbit/s to 40
Gbit/s on old, embedded, high-PMD fibers. PMD compensation techniques must reduce the
impact of first-order PMD and should reduce higher-order PMD effects or at least not in‐
crease the higher orders of PMD. The techniques should also be able to rapidly track
changes in PMD, including changes both in the DGD and the PSPs. Other desired character‐
istics of PMD mitigation techniques are low cost and small size to minimize the impact on
existing system architectures. In addition, mitigation techniques should have a small num‐
ber of feedback parameters to control [39].

In this section, we describe a PMD compensator with an arbitrarily rotatable polarization
controller and a single DGD element, which can be fixed [40] or variable [41]. Figure 9
shows a schematic illustration of a single-section DGD compensator. The adjustable DGD el‐
ement or birefringent element is used to minimize the impact of the fiber PMD and the po‐
larization controller is used to adjust the direction of the polarization dispersion vector of
the compensator. The expression for the polarization dispersion vector after compensation,
which is equivalent to the one in [42], is given by

Figure 9. Schematic illustration of a single-section compensator with a monitor and a feedback element. In practical
systems, the compensator will usually be part of the receiver, so that the monitor and the feedback control are inte‐
grated with the detection circuit.
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τ
tot

(ω)= τ
c

+ Tc(ω)Rpcτ f
(ω), (11)

where τ
c
 is the polarization dispersion vector of the compensator, τ

f (ω) is the polarization

dispersion vector of the transmission fiber, Rpc is the polarization transformation in Stokes
space that is produced by the polarization controller of the compensator, and Tc(ω) is the
polarization transformation in Stokes space that is produced by the DGD element of the
compensator. We model the polarization transformation Rpc as

pc pc pc pcR = R ( )R ( )R ( ).x y xf y f- (12)

We note that the two parameters of the polarization controller's angles in (12) are the only
free parameters that a compensator with a fixed DGD element possesses, while the value of
the DGD element of a variable DGD compensator is an extra free parameter that must be
adjusted during the operation. In (12), the parameter ϕpc is the angle that determines the ax‐
is of polarization rotation in the y-z plane of the Poincaré sphere, while the parameter ψpc is
the angle of rotation around that axis of polarization rotation. An appropriate selection of
these two angles will transform an arbitrary input Stokes vector into a given output Stokes
vector. While most electronic polarization controllers have two or more parameters to adjust
that are different from ϕpc and ψpc, it is possible to configure them to operate in accordance
to the transformation matrix Rpc in (12) [43].

In all the work reported in this chapter, we used the eye opening as the feedback parameter
for the optimization algorithm unless otherwise stated. We defined the eye opening as the
difference between the lowest mark and the highest space at the decision time in the re‐
ceived electrical noise-free signal. The eye-opening penalty is defined as the ratio between
the back-to-back and the PMD-distorted eye opening. The back-to-back eye opening is com‐
puted when PMD is not included in the system. Since PMD causes pulse spreading in am‐
plitude-shift keyed modulation formats, the isolated marks and spaces are the ones that
suffer the highest penalty [44]. To define the decision time, we recovered the clock using an
algorithm based on one described by Trischitta and Varma [45].

We simulated the 16-bit string "0100100101101101." This bit string has isolated marks and
spaces, in addition to other combinations of marks and spaces. In most of other simulations
in this dissertation we use pseudorandom binary sequence pattern. The receiver model con‐
sists of an Gaussian optical filter with full width at half maximum (FWHM) of 60 GHz, a
square-law photodetector, and a fifth-order electrical Bessel filter with a 3 dB bandwidth of
8.6 GHz. To determine the decision time after the electronic receiver, we delayed the bit
stream by half a bit slot and subtracted it from the original stream, which is then squared.
As a result a strong tone is produced at 10 GHz. The decision time is set equal to the time at
which the phase of this tone is equal to π /2 . The goal of our study is to determine the per‐
formance limit of the compensators. In order to do that, we search for the angles ϕpc and ψpc.
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of the polarization controller for which the eye opening is largest. In this case, the eye open‐
ing is our compensated feedback parameter. We therefore show the global optimum of the
compensated feedback parameter for each fiber realization.

To obtain the optimum, we start with 5 evenly spaced initial values for each of the angles
ϕpc and ψpc in the polarization transformation matrix Rpc, which results in 25 different initial
values. If the DGD of the compensator is adjustable, we start the optimization with the DGD
of the compensator equal to the DGD of the fiber. We then apply the conjugate gradient al‐
gorithm [46] to each of these 25 initial polarization transformations. To ensure that this pro‐
cedure yields the global optimum, we studied the convergence as the number of initial
polarization transformations is increased. We examined 104 fiber realizations spread
throughout our phase space, and we never found more than 12 local optima in the cases that
we examined. We missed the global optimum in three of these cases because several optima
were closely clustered, but the penalty difference was small. We therefore concluded that 25
initial polarization transformations were sufficient to obtain the global optimum with suffi‐
cient accuracy for our purposes. We observed that the use of the eye opening as the objec‐
tive function for the conjugate gradient algorithm produces multiple optimum values when
both the DGD and the length of the frequency derivative of the polarization dispersion vec‐
tor are very large.

The performance of the compensator depends on how the DGD and the effects of the first-
and higher-order frequency derivatives of the polarization dispersion vector of the transmis‐
sion fiber interact with the DGD element of the compensator to produce a residual
polarization dispersion vector and on how the signal couples with the residual principal
states of polarization over the spectrum of the channel. Therefore, the operation of single-
section PMD compensators is a compromise between reducing the DGD and setting one
principal state of polarization after compensation that is approximately co-polarized with
the signal. An expression for the pulse spreading due to PMD as a function of the polariza‐
tion dispersion vector of the transmission fiber and the polarization state over the spectrum
of the signal was given in [47].

3.2. Three-section compensator

Second-order PMD has two components: Polarization chromatic dispersion (PCD) and the
principal states of polarization rotation rate (PSPRR) [35]. Let τ

1
 be the polarization disper‐

sion vector of the transmission line, and let τ
2
 and τ

3
 be the polarization dispersion vec‐

tors  of  the  two  fixed-DGD  elements  of  the  three-section  compensator.  Using  the
concatenation rule [42], the first- and second-order PMD vector of these three concatenat‐
ed fibers are given by

τ
tot

= R3 R2 τ 1
+ R3τ 2

+ τ
3
, (13)

τ
tot ,w

= (τ 3
+ R3 τ 2)× R3 R2τ1q1 + τ

3
× R3τ 2

+ R3 R2τ1wq1 + R3 R2τ1q1w, (14)
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where R2 and R3 are the rotation matrices of the polarization controllers before the first and
the second fixed-DGD elements of the compensator, respectively. In (14), τ1wq1and τ1q1w are
the transmission line PCD and the PSPRR components, respectively, where we express the
polarization dispersion vector of the transmission fiber as τ

1
=τ1q1. Here, the variable τ is

the DGD and q= τ / | τ |  is the Stokes vector of one of the two orthogonal principal states of
polarization. The three-section PMD compensator has two operating points [35]. For the first
operating point, the term τ

3
×R3 τ 2

 in (14) is used to cancel the PSPRR component

R3 R2τ1q1w, provided that we choose R3 and R2 so that R3
† τ

3
× τ

2
 and R2τ1q1w are antiparal‐

lel, where R3
† is the Hermitian conjugate of R3. Note that with this configuration one cannot

compensate for PCD.

For the second operating point, τ
3
×R3 τ 2

in (14) is used to compensate for PCD by choosing

R3
† τ

3
× τ

2
 and R2τ1wq1 to be antiparallel. Moreover, we can add an extra rotation to R2 so

that (R3
† τ

3
+ τ

2)×R2τ1q1  and R2τ1q1w are also antiparallel. In this way, the compensator

can also reduce the PSPRR term. In our simulations, we computed the reduction of the PCD
and PSPRR components for the two operating points and we selected the one that presented
the largest reduction of the second-order PMD. Finally, the third, variable-DGD, section of
the compensator cancels the residual DGD τ

tot
 after the first two sections.

4. Simulation results and discussions

We evaluate the performance of optical fiber communication systems with and without
PMD compensators using the statistical methods of importance sampling (IS) and multica‐
nonical Monte Carlo (MMC). Both MMC and IS can be used to bias Monte Carlo simulations
to the outage probability due to PMD in optical fiber communication systems with one-sec‐
tion and with three-section PMD compensators. When there exist a IS bias technique availa‐
ble, IS is more effective than MMC because each sample in IS is independent, while the
samples in MMC slowly become uncorrelated. However, the effectiveness of MMC can be
comparable or even exceed that of IS in the cases in which there isn’t a high correlation be‐
tween the parameters that are biased in IS and the parameter of interest. This is the case of
optical communication systems with PMD compensation, in which IS has to exploit a vast
region of the probability space that does not contribute to the events of interest.

In Fig.10, we show the pdf of the eye-opening penalty for a system with 30 ps mean DGD
and a single-section compensator. We compute the pdf using IS in which only the DGD is
biased, and we also compute the pdf using IS in which both the first- and the second-order
PMD are biased. We observed that it is not sufficient to only bias the DGD in order to accu‐
rately calculate the compensated penalty and its pdf. This approach can only be used in sys‐
tems where the DGD is the dominant source of penalties, which is the case in
uncompensated systems and in systems with limited PMD compensation.
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of the polarization controller for which the eye opening is largest. In this case, the eye open‐
ing is our compensated feedback parameter. We therefore show the global optimum of the
compensated feedback parameter for each fiber realization.

To obtain the optimum, we start with 5 evenly spaced initial values for each of the angles
ϕpc and ψpc in the polarization transformation matrix Rpc, which results in 25 different initial
values. If the DGD of the compensator is adjustable, we start the optimization with the DGD
of the compensator equal to the DGD of the fiber. We then apply the conjugate gradient al‐
gorithm [46] to each of these 25 initial polarization transformations. To ensure that this pro‐
cedure yields the global optimum, we studied the convergence as the number of initial
polarization transformations is increased. We examined 104 fiber realizations spread
throughout our phase space, and we never found more than 12 local optima in the cases that
we examined. We missed the global optimum in three of these cases because several optima
were closely clustered, but the penalty difference was small. We therefore concluded that 25
initial polarization transformations were sufficient to obtain the global optimum with suffi‐
cient accuracy for our purposes. We observed that the use of the eye opening as the objec‐
tive function for the conjugate gradient algorithm produces multiple optimum values when
both the DGD and the length of the frequency derivative of the polarization dispersion vec‐
tor are very large.

The performance of the compensator depends on how the DGD and the effects of the first-
and higher-order frequency derivatives of the polarization dispersion vector of the transmis‐
sion fiber interact with the DGD element of the compensator to produce a residual
polarization dispersion vector and on how the signal couples with the residual principal
states of polarization over the spectrum of the channel. Therefore, the operation of single-
section PMD compensators is a compromise between reducing the DGD and setting one
principal state of polarization after compensation that is approximately co-polarized with
the signal. An expression for the pulse spreading due to PMD as a function of the polariza‐
tion dispersion vector of the transmission fiber and the polarization state over the spectrum
of the signal was given in [47].

3.2. Three-section compensator

Second-order PMD has two components: Polarization chromatic dispersion (PCD) and the
principal states of polarization rotation rate (PSPRR) [35]. Let τ

1
 be the polarization disper‐

sion vector of the transmission line, and let τ
2
 and τ

3
 be the polarization dispersion vec‐

tors  of  the  two  fixed-DGD  elements  of  the  three-section  compensator.  Using  the
concatenation rule [42], the first- and second-order PMD vector of these three concatenat‐
ed fibers are given by

τ
tot

= R3 R2 τ 1
+ R3τ 2

+ τ
3
, (13)

τ
tot ,w

= (τ 3
+ R3 τ 2)× R3 R2τ1q1 + τ

3
× R3τ 2

+ R3 R2τ1wq1 + R3 R2τ1q1w, (14)
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where R2 and R3 are the rotation matrices of the polarization controllers before the first and
the second fixed-DGD elements of the compensator, respectively. In (14), τ1wq1and τ1q1w are
the transmission line PCD and the PSPRR components, respectively, where we express the
polarization dispersion vector of the transmission fiber as τ

1
=τ1q1. Here, the variable τ is

the DGD and q= τ / | τ |  is the Stokes vector of one of the two orthogonal principal states of
polarization. The three-section PMD compensator has two operating points [35]. For the first
operating point, the term τ

3
×R3 τ 2

 in (14) is used to cancel the PSPRR component

R3 R2τ1q1w, provided that we choose R3 and R2 so that R3
† τ

3
× τ

2
 and R2τ1q1w are antiparal‐

lel, where R3
† is the Hermitian conjugate of R3. Note that with this configuration one cannot

compensate for PCD.

For the second operating point, τ
3
×R3 τ 2

in (14) is used to compensate for PCD by choosing

R3
† τ

3
× τ

2
 and R2τ1wq1 to be antiparallel. Moreover, we can add an extra rotation to R2 so

that (R3
† τ

3
+ τ

2)×R2τ1q1  and R2τ1q1w are also antiparallel. In this way, the compensator

can also reduce the PSPRR term. In our simulations, we computed the reduction of the PCD
and PSPRR components for the two operating points and we selected the one that presented
the largest reduction of the second-order PMD. Finally, the third, variable-DGD, section of
the compensator cancels the residual DGD τ

tot
 after the first two sections.

4. Simulation results and discussions

We evaluate the performance of optical fiber communication systems with and without
PMD compensators using the statistical methods of importance sampling (IS) and multica‐
nonical Monte Carlo (MMC). Both MMC and IS can be used to bias Monte Carlo simulations
to the outage probability due to PMD in optical fiber communication systems with one-sec‐
tion and with three-section PMD compensators. When there exist a IS bias technique availa‐
ble, IS is more effective than MMC because each sample in IS is independent, while the
samples in MMC slowly become uncorrelated. However, the effectiveness of MMC can be
comparable or even exceed that of IS in the cases in which there isn’t a high correlation be‐
tween the parameters that are biased in IS and the parameter of interest. This is the case of
optical communication systems with PMD compensation, in which IS has to exploit a vast
region of the probability space that does not contribute to the events of interest.

In Fig.10, we show the pdf of the eye-opening penalty for a system with 30 ps mean DGD
and a single-section compensator. We compute the pdf using IS in which only the DGD is
biased, and we also compute the pdf using IS in which both the first- and the second-order
PMD are biased. We observed that it is not sufficient to only bias the DGD in order to accu‐
rately calculate the compensated penalty and its pdf. This approach can only be used in sys‐
tems where the DGD is the dominant source of penalties, which is the case in
uncompensated systems and in systems with limited PMD compensation.
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Figure 10. PDF of the eye-opening penalty for a system with a mean DGD of 30 ps and a single-section compensator.
(i) Solid line: results using IS in which only the DGD is biased. (ii) Dashed line: results using IS in which both first-and
second-order PMD are biased. The confidence interval is shown with error bars.

In Fig. 11, we show the outage probability as a function of the eye-opening penalty. We ap‐
ply the MMC algorithm to compute PMD-induced penalties in a 10 Gbit/s NRZ system us‐
ing 50 MMC iterations with 2,000 samples each. The results obtained using the samples in
the final iteration of the MMC simulation (dashed and solid lines) are in excellent agreement
with the ones obtained using importance sampling (open circles and squares). Here we used
the results computed with importance sampling to validate the results obtained with MMC.
The use of importance sampling to compute penalties in PMD single-section compensated
systems was already validated with a large number of standard Monte Carlo simulations by
Lima Jr. et al. [36], [14]. Therefore, the results computed with importance sampling can be
used to validate the results computed with MMC. Our goal here is to show the applicability
of MMC to accurately compute PMD-induced penalties in uncompensated and single-sec‐
tion PMD compensated systems.

In Fig. 12, we show contours (dotted lines) of the joint pdf of the magnitude of the uncom‐
pensated normalized first- and second-order PMD, | τ |  and | τω | , computed using impor‐
tance sampling, as in [48]. We also show contours for the eye-opening penalty (solid lines) of
an uncompensated system with a mean DGD, |τ| , of 15 ps. The penalty contours were
produced using the same samples we generated using the MMC method in the computation
of the outage probability shown in Fig. 11. The MMC method automatically placed its sam‐
ples in the regions of the |τ |–| τω |plane that corresponds to the large DGD values that

have the highest probability of occurrence, which is the region that is the dominant source
of penalties in uncompensated systems.
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Figure 11. Outage probability as a function of the eye-opening penalty. (i) Dotted line: Uncompensated system with a
mean DGD of 30 ps. (ii) Dashed line and (iii) Open circles: Results for a variable-DGD compensator, obtained using
MMC and IS, respectively, for a system with mean DGD of 30 ps. (iv) Solid line and (v) Squares: Results for an uncom‐
pensated system with mean DGD of 15 ps, obtained using MMC and IS, respectively.

Figure 12. Penalty curves computed with MMC for an uncompensated system. Uncompensated system with a mean
DGD of 15 ps. The dotted lines show the contour plots of the joint pdf of the normalized |τ |  and |τω | , obtained using
IS. The solid lines show the average eye-opening penalty given a value of |τ |  and |τω | , obtained using MMC. The con‐

tours of joint pdf from the bottom to the top of the plot, are at 3 × 10−n, and, n=1, …, 7 and 10−m, m=1, …,11. The
penalty contours in dB from the left to the right of the plot, are at 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6.

In Fig. 13, we show similar results for a system with |τ| =30 ps and a variable-DGD com‐
pensator that was programmed to minimize the residual DGD at the central frequency of
the channel after compensation. In contrast to Fig.12, the MMC method automatically
placed its samples in the regions of the | τ |–| τω |  plane where | τω |  is large and the

DGD is close to its average, corresponding to the region in the plane that is the dominant
source of penalties in this compensated system. These results agree with the fact that the
contour plots in the region dominating the penalty are approximately parallel to the DGD
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Lima Jr. et al. [36], [14]. Therefore, the results computed with importance sampling can be
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pensated normalized first- and second-order PMD, | τ |  and | τω | , computed using impor‐
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Figure 12. Penalty curves computed with MMC for an uncompensated system. Uncompensated system with a mean
DGD of 15 ps. The dotted lines show the contour plots of the joint pdf of the normalized |τ |  and |τω | , obtained using
IS. The solid lines show the average eye-opening penalty given a value of |τ |  and |τω | , obtained using MMC. The con‐

tours of joint pdf from the bottom to the top of the plot, are at 3 × 10−n, and, n=1, …, 7 and 10−m, m=1, …,11. The
penalty contours in dB from the left to the right of the plot, are at 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6.

In Fig. 13, we show similar results for a system with |τ| =30 ps and a variable-DGD com‐
pensator that was programmed to minimize the residual DGD at the central frequency of
the channel after compensation. In contrast to Fig.12, the MMC method automatically
placed its samples in the regions of the | τ |–| τω |  plane where | τω |  is large and the

DGD is close to its average, corresponding to the region in the plane that is the dominant
source of penalties in this compensated system. These results agree with the fact that the
contour plots in the region dominating the penalty are approximately parallel to the DGD
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axis, indicating that the penalty is nearly independent of DGD. In Figs. 12 and 13, the sam‐
ples obtained using the MMC method are automatically biased towards the specific region
of the | τ |–| τω |  plane that dominates the penalty, i.e., the region where the correspond‐

ing penalty level curve intersects the contour of the joint pdf of | τ |  and | τω |  with the

highest probability. We did not compute the confidence interval for the results showed in
this section.

Figure 13. Same set of curves of Fig. 12 for a compensated system with a variable-DGD compensator. The penalty
contours in dB from the bottom to the top of the plot, are at 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6.

In the following results, we evaluated the performance of a single-section and a three-sec‐
tion PMD compensator in a 10 Gbit/s nonreturn-to-zero system with a mean DGD of 30 ps.
We used perfectly rectangular pulses filtered by a Gaussian shape filter that produces a rise
time of 30 ps. We simulated a string with 8 bits generated using a pseudorandom binary se‐
quence pattern. We modeled the fiber using the coarse step method with 80 birefringent fi‐
ber sections, which reproduces first- and higher-order PMD distortions within the
probability range of interest [14]. The results of our simulations can also be applied to 40
Gbit/s systems by scaling down all time quantities by a factor of four. As in previous results,
we used the eye opening for performance evaluation. The three-section compensator has
two fixed-DGD elements of 45 ps and one variable-DGD element. The results that we
present in this section were obtained using 30 MMC iterations with 8,000 samples each and
using importance sampling with a total of 2.4×105 samples. We estimated the errors in
MMC using the transition matrix method that we described in Section 2.2, while we estimat‐
ed the errors in importance sampling as in [25].

In Fig. 14, we show the outage probability for a 1-dB penalty as function of the DGD ele‐
ment (τc) for a system with the three-section compensator that we used. We observed that
there is an optimum value for τc that minimizes the outage probability, which is close to 45
ps. We set the values for the two fixed-DGD elements of the three-section PMD compensator
that we used to this optimum value. The reason why the outage probability rises when τc
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becomes larger than this optimum is because large values of τc add unacceptable penalties
to fiber realizations with relatively small second-order PMD values that could be adequately
compensated at lower values of τc. We also observed that there is a relatively small depend‐
ence of the outage probability on τc. That is because the third, variable-DGD section of the
compensator cancels the residual DGD after the first two sections, which significantly miti‐
gates the penalty regardless of the value of τc.

Figure 14. Outage probability for a 1-dB penalty as function of the DGD element (τc) of the three-section compensa‐
tor for a system with mean DGD of 30 ps.

Figure 15. Outage probability as a function of the eye-opening penalty for a system with mean DGD of 30 ps. (i) Dash‐
ed line (MMC) and triangles (IS): Uncompensated system. (ii) Dot-dashed line (MMC) and circles (IS): System with a
single-section compensator. (iii) Solid line (MMC) and diamonds (IS): System with a three-section compensator. The
error bars show the confidence interval for the MMC results.
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present in this section were obtained using 30 MMC iterations with 8,000 samples each and
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ence of the outage probability on τc. That is because the third, variable-DGD section of the
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In Fig. 15, we plot the outage probability (P̂out) as a function of the eye-opening penalty for
the compensators that we studied. The histogram of the penalty was divided into 34 evenly
spaced bins in the range −0.1 and 2 dB, even though we show results from 0 to 1.5 dB of
penalty. The maximum relative error (σ̂P

^
out / P̂out) for the curves computed with MMC

shown in this plot equals 0.13. The relative error for the curves computed with importance
sampling is smaller than with MMC, and is not shown in the plot. The maximum relative
error for the curves computed with importance sampling equals 0.1. The results obtained us‐
ing MMC (solid lines) are in agreement with the ones obtained using importance sampling
(symbols). The agreement between the MMC and importance sampling results was expected
for the case that we used a single-section compensator, since this type of compensator can
only compensate for first-order PMD [6], so that the dominant source of penalty after com‐
pensation is the second-order PMD of the transmission line. Hence, it is expected that MMC
and importance sampling give similar results. We also observed good agreement between
the MMC and importance sampling results for the three-section compensator. This level of
agreement indicates that three-section compensators that compensate for the first two orders
of the Taylor expansion of the transmission line PMD produce residual third and higher or‐
ders of PMD that are significantly correlated with the first- and second-order PMD of the
transmission line. That is why the use of importance sampling to bias first- and second-or‐
der PMD is sufficient to accurately compute the outage probability in systems where the
first two orders of PMD of the transmission line are compensated.

Significantly, we observed that the performance improvement with the addition of two sec‐
tions, from the single-section compensator to the three-section compensator, is not as large
as the improvement in the performance when one section is added, from the uncompensat‐
ed to the single-section compensator. The diminishing returns that we observed for in‐
creased compensator complexity is consistent with the existence of correlations between the
residual higher orders of PMD after compensation and the first two orders of PMD of the
transmission line that are compensated by the three-section compensator.

Figure 16. Conditional expectation of the magnitude of the normalized second-order PMD, | τω | , given a value of the

DGD of the transmission line, | τ | . Conditional expectation before (dashed) and after (solid) the three-section com‐
pensator.
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Figure 17. Conditional expectation of the magnitude of the normalized third-order PMD, | τωω | , given a value of the

DGD of the transmission line, | τ | . Conditional expectation before (dashed) and after (solid) the three-section com‐
pensator.

Figure 18. Conditional expectation of the magnitude of the normalized fourth-order PMD, | τωωω | , given a value of

the DGD of the transmission line, | τ | . Conditional expectation before (dashed) and after (solid) the three-section
compensator.

Figures 16–18 quantify the correlation between the lower and higher orders of PMD. In Fig.
16, we show the conditional expectation of the magnitude of second-order of PMD both be‐
fore and after the three-section compensator given a value of the DGD of the transmission
line. In these figures, the DGD | τ |  is normalized by the mean DGD | τ |  and | τω |  is

normalized by | τω |  to obtain results that are independent of the mean DGD and of the

mean of the magnitude of second-order PMD. We observed a large correlation between
| τ |  and | τω |  before compensation, while after compensation | τω |  is significantly re‐

duced and is less correlated with the DGD, demonstrating the effectiveness of the three-sec‐
tion compensator in compensating for second-order PMD. In Figs. 17and 18, we show the
conditional expectation of the magnitude of the third-order PMD and of the fourth-order
PMD, respectively, before and after the three-section compensator, given a value of the
DGD of the transmission line. In both cases, we observed a high correlation of the third- and
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as the improvement in the performance when one section is added, from the uncompensat‐
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creased compensator complexity is consistent with the existence of correlations between the
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Figure 17. Conditional expectation of the magnitude of the normalized third-order PMD, | τωω | , given a value of the

DGD of the transmission line, | τ | . Conditional expectation before (dashed) and after (solid) the three-section com‐
pensator.

Figure 18. Conditional expectation of the magnitude of the normalized fourth-order PMD, | τωωω | , given a value of

the DGD of the transmission line, | τ | . Conditional expectation before (dashed) and after (solid) the three-section
compensator.

Figures 16–18 quantify the correlation between the lower and higher orders of PMD. In Fig.
16, we show the conditional expectation of the magnitude of second-order of PMD both be‐
fore and after the three-section compensator given a value of the DGD of the transmission
line. In these figures, the DGD | τ |  is normalized by the mean DGD | τ |  and | τω |  is

normalized by | τω |  to obtain results that are independent of the mean DGD and of the

mean of the magnitude of second-order PMD. We observed a large correlation between
| τ |  and | τω |  before compensation, while after compensation | τω |  is significantly re‐

duced and is less correlated with the DGD, demonstrating the effectiveness of the three-sec‐
tion compensator in compensating for second-order PMD. In Figs. 17and 18, we show the
conditional expectation of the magnitude of the third-order PMD and of the fourth-order
PMD, respectively, before and after the three-section compensator, given a value of the
DGD of the transmission line. In both cases, we observed a high correlation of the third- and
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the fourth-order PMD with the DGD before and after compensation. In addition, we ob‐
served a significant increase of these higher-order PMD components after compensation,
which leads to a residual penalty after compensation that is correlated to the original first-
and second-order PMD.

In Fig. 19, we show contour plots of the conditional expectation of the penalty with respect
to the first- and second-order PMD for a system with a three-section PMD compensator [35].
These results show that the residual penalty after compensation is significantly correlated
with the first- and second-order PMD. The correlation between the higher orders of PMD
with the DGD that we show in Figs. 16–18 can be estimated from the concatenation rule [42],
which explicitly indicates a dependence of the higher-order PMD components on the lower
order components. The increase in these higher-order components after compensation is al‐
so due to our choice of the operating point of this compensator, which is set to compensate
only for first- and second-order PMD, regardless of the higher-order PMD components. It is
possible that this three-section PMD compensator would perform better if all 7 parameters
of the compensator are adjusted to achieve the global penalty minimum. However, finding
this global optimum is unpractical due to the large number of local optima in such a multi‐
dimensional optimization space, as we found in our investigation of single-section PMD
compensators [14]. On the other hand, the compensation of first- and second-order PMD us‐
ing the three-section compensator that we studied here, which was proposed by Zheng, et al.
[35], can be implemented in practice.

Figure 19. Three-section compensated system. The dotted lines are contour plots of the joint pdf of the normalized
| τ |  and | τω |  from the bottom to the top of the plot, are at 3 × 10−n, with n=1,⋯ ,7 and 10−m, with m=1,⋯ ,11. The

solid lines are contour plots of the conditional expectation of the eye-opening penalty in dB from the bottom to the
top of the plot, are at 0.1, 0.2, 0.3, 0.4, 0.5, 0.6.

In this Section, we showed that both multiple importance sampling and MMC can be used
with all the compensators that we investigated to reduce the computation time for the out‐
age probability due to PMD in optical fiber communication systems. Importance sampling
in which both the first- and second-order PMD are biased can be used to efficiently compute
the outage probability even with a three-section PMD compensator in which both first- and
second-order PMD are compensated, which is consistent with the existence of a large corre‐
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lation between first- and second-order PMD of the transmission line and higher orders of
PMD after compensation. We directly verified the existence of these correlations. In contrast
to what we presented in Fig.11, where importance sampling was used to validate the results
with MMC, in the resulted subsequently presented, we used MMC to validate the results
obtained with importance sampling. We used MMC to validate the results obtained with
importance sampling because MMC can be used to compute penalties induced by all orders
of PMD and not just penalties correlated to first- and second-order PMD as is the case with
the importance sampling method. We showed that MMC yields the same results as impor‐
tance sampling, within the statistical errors of both methods. Finally, we showed that the
three-section compensator offers less than twice the advantage (in dB) of single-section com‐
pensators. We attribute the diminishing returns with increased complexity to the existence
of correlations between the first two orders of PMD prior to compensation and higher or‐
ders of PMD after compensation.

5. Conclusions

In this chapter, we used MMC and IS in which both the first- and second-order PMD are
biased to investigate the performance of single-section and three-section PMD compensa‐
tors. We showed that both methods are effective to compute outage probabilities for the op‐
tical fiber communication systems that we studied with and without PMD compensators.
The comparison of importance sampling to the MMC method not only allowed us to mutu‐
ally validate both calculations, but yielded insights that were not obtained from either meth‐
od alone. The development of IS requires some a priori knowledge of how to bias a given
parameter in the simulations. In this particular problem, the parameter of interest is the pen‐
alty. However, to date there is no IS method that directly biases the penalty. Instead of di‐
rectly biasing the penalty, one has to rely on the correlation of the first-and second-order
PMD with the penalty, which may not hold in all compensated systems. In contrast to IS,
MMC does not require a priori knowledge of which rare events contribute significantly to the
penalty distribution function in the tails, since the bias is done automatically in MMC. Be‐
cause the samples in IS are independent, IS converges more rapidly than MMC when the
biased quantity is highly correlated to the parameter of interest. However this is not always
the case. The applicability of IS to model a system with a three-section PMD compensator, in
which both first- and second-order components of the Taylor’s expansion of PMD in the fre‐
quency domain are compensated, is consistent with the existence of a large correlation be‐
tween first- and second-order PMD components of the transmission line and the higher
orders of PMD after compensation. Thus, even when the first two orders of PMD are com‐
pensated, these quantities prior to compensation still remain highly correlated with the re‐
sidual penalty.

It is essential to carefully monitor statistical errors when carrying out Monte Carlo simula‐
tions in order to verify the accuracy of the results. Effective procedures for calculating the
statistical errors in standard Monte Carlo simulations are well known and are easily imple‐
mented. Moreover, in this case, each sample is independently drawn, and the errors in each
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possible that this three-section PMD compensator would perform better if all 7 parameters
of the compensator are adjusted to achieve the global penalty minimum. However, finding
this global optimum is unpractical due to the large number of local optima in such a multi‐
dimensional optimization space, as we found in our investigation of single-section PMD
compensators [14]. On the other hand, the compensation of first- and second-order PMD us‐
ing the three-section compensator that we studied here, which was proposed by Zheng, et al.
[35], can be implemented in practice.
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| τ |  and | τω |  from the bottom to the top of the plot, are at 3 × 10−n, with n=1,⋯ ,7 and 10−m, with m=1,⋯ ,11. The

solid lines are contour plots of the conditional expectation of the eye-opening penalty in dB from the bottom to the
top of the plot, are at 0.1, 0.2, 0.3, 0.4, 0.5, 0.6.

In this Section, we showed that both multiple importance sampling and MMC can be used
with all the compensators that we investigated to reduce the computation time for the out‐
age probability due to PMD in optical fiber communication systems. Importance sampling
in which both the first- and second-order PMD are biased can be used to efficiently compute
the outage probability even with a three-section PMD compensator in which both first- and
second-order PMD are compensated, which is consistent with the existence of a large corre‐
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lation between first- and second-order PMD of the transmission line and higher orders of
PMD after compensation. We directly verified the existence of these correlations. In contrast
to what we presented in Fig.11, where importance sampling was used to validate the results
with MMC, in the resulted subsequently presented, we used MMC to validate the results
obtained with importance sampling. We used MMC to validate the results obtained with
importance sampling because MMC can be used to compute penalties induced by all orders
of PMD and not just penalties correlated to first- and second-order PMD as is the case with
the importance sampling method. We showed that MMC yields the same results as impor‐
tance sampling, within the statistical errors of both methods. Finally, we showed that the
three-section compensator offers less than twice the advantage (in dB) of single-section com‐
pensators. We attribute the diminishing returns with increased complexity to the existence
of correlations between the first two orders of PMD prior to compensation and higher or‐
ders of PMD after compensation.

5. Conclusions

In this chapter, we used MMC and IS in which both the first- and second-order PMD are
biased to investigate the performance of single-section and three-section PMD compensa‐
tors. We showed that both methods are effective to compute outage probabilities for the op‐
tical fiber communication systems that we studied with and without PMD compensators.
The comparison of importance sampling to the MMC method not only allowed us to mutu‐
ally validate both calculations, but yielded insights that were not obtained from either meth‐
od alone. The development of IS requires some a priori knowledge of how to bias a given
parameter in the simulations. In this particular problem, the parameter of interest is the pen‐
alty. However, to date there is no IS method that directly biases the penalty. Instead of di‐
rectly biasing the penalty, one has to rely on the correlation of the first-and second-order
PMD with the penalty, which may not hold in all compensated systems. In contrast to IS,
MMC does not require a priori knowledge of which rare events contribute significantly to the
penalty distribution function in the tails, since the bias is done automatically in MMC. Be‐
cause the samples in IS are independent, IS converges more rapidly than MMC when the
biased quantity is highly correlated to the parameter of interest. However this is not always
the case. The applicability of IS to model a system with a three-section PMD compensator, in
which both first- and second-order components of the Taylor’s expansion of PMD in the fre‐
quency domain are compensated, is consistent with the existence of a large correlation be‐
tween first- and second-order PMD components of the transmission line and the higher
orders of PMD after compensation. Thus, even when the first two orders of PMD are com‐
pensated, these quantities prior to compensation still remain highly correlated with the re‐
sidual penalty.

It is essential to carefully monitor statistical errors when carrying out Monte Carlo simula‐
tions in order to verify the accuracy of the results. Effective procedures for calculating the
statistical errors in standard Monte Carlo simulations are well known and are easily imple‐
mented. Moreover, in this case, each sample is independently drawn, and the errors in each
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bin of the histogram will also be independent. Hence, the smoothness of the histogram is
often a good indication that the errors are acceptably low. While calculating the statistical
errors with importance sampling is more complicated, analytical formulae have been suc‐
cessfully implemented. By contrast, calculating statistical errors using MMC is not trivial.
MMC generates correlated samples, so that standard error estimation techniques cannot be
applied. To enable the estimate of the statistical errors in the calculations using MMC we de‐
veloped a method that we refer to as the MMC transition matrix method. The method is
based on the calculation of a transition matrix with a standard MMC simulations and the
use of this transition matrix to draw a large number of independent samples.

Author details

Aurenice M. Oliveira1 and Ivan T. Lima Jr.2

1 Michigan Technological University, U.S.A

2 North Dakota State University, U.S.A

References

[1] B. Huttner, C. Geiser, and N. Gisin, "Polarization-induced distortions in optical fiber
networks with polarization-mode dispersion and polarization-dependent losses,"
IEEE J. Selec. Topics Quantum Electron, vol. 6, pp. 317-329, 2000.

[2] G. Biondini, W. L. Kath, and C. R. Menyuk, "Importance sampling for polarization-
mode dispersion," IEEE Photon. Technol. Lett, vol. 14, pp. 310-312, 2002.

[3] S. L. Fogal, G. Biondini, and W. Kath, "Multiple importance sampling for first- and
second-order polarization-mode dispresion," IEEE Photon. Technol Lett, vol. 14, pp.
1273-1275, 2002.

[4] B. A. Berg and T. Neuhaus, "The multicanonical ensemble: a new approach to simu‐
late first-order phase transitions, "Phys. Rev. Lett, vol. 68, pp. 9-12, 1992.

[5] A. M. Oliveira, I. T. LimaJr, C. R. Menyuk, G. Biondini, B. Marks, and W. Kath, "Stat‐
istical analysis of the performance of PMD compensators using multiple importance
sampling," IEEE Photon. Technol. Lett., vol. 15, pp. 1716-1718, 2003.

[6] A. M. Oliveira, I. T. LimaJr, J. Zweck, and C. R. Menyuk, "Efficient computation of
PMD-induced penalties using multicanonical Monte Carlo simulations," in Proceed‐
ings ECOC 2003, pp. 538-539.

Current Developments in Optical Fiber Technology154

[7] A. M. Oliveira, C. Menyuk, and I. LimaJr, "Comparison of Two Biasing Monte Carlo
Methods for Calculating Outage Probabilities in Systems with Multisection PMD
Compensators," IEEE Photon. Technol. Lett., vol. 17, pp. 2580-2582, 2005.

[8] A. M. Oliveira, I. T. LimaJr, C. R. Menyuk, and J. Zweck, "Performance evaluation of
single-section and three-section PMD compensators using extended Monte Carlo
methods," in Proceedings OFC 2005.

[9] A. Bononi, L. Rusch, A. Ghazisaeidi, F. Vacondio, and N. Rossi, "A Fresh Look at
Multicanonical Monte Carlo from a Telecom Perspective," in IEEE Globecom 2009,
2009.

[10] A. Bononi and L. Rusch, "Multicanonical Monte Carlo for Simulation of Optical
Links," in Impact of Nonlinearities on Fiber Optic Communications, S. Kumar, Ed., ed:
Springer Science Business Media, LLC, 2011, pp. 373-413.

[11] R. Holzlohner and C. R. Menyuk, "Use of multicanonical Monte Carlo simulations to
obtain accurate bit error rates in optical communication systems," Optics Letters, vol.
28, pp. 1894-1896, 2003.

[12] A. Ghazisaeidi, F. Vacondio, A. Bononi, and L. Rusch, "SOA Intensity Noise Suppres‐
sion in Spectrum Sliced Systems: A Multicanonical Monte Carlo Simulator of Ex‐
tremely Low BER," Journal of Lighwave Technologies, vol. 27, pp. 2667-2677, 2009.

[13] L. Gerardi, M. Secondini, and E. Forestieri, "Performance Evaluation of WDM Sys‐
tems Through Multicanonical Monte Carlo Simulations," Journal of Lighwave Technolo‐
gies, vol. 29, pp. 871-879, 2011.

[14] I. T. LimaJr, A. M. Oliveira, G. Biondini, C. R. Menyuk, and W. L. Kath, "A compara‐
tive study of single-section polarization-mode dispersion compensators," J. Lightwave
Technol., vol. 22, pp. 1023-1032, 2004.

[15] A. M. Oliveira, I. T. LimaJr, C. R. Menyuk, and J. Zweck, "Error estimation in multi‐
canonical Monte Carlo simulations with applications to polarization-mode-disper‐
sion emulators," Journal of Lighwave Technologies, vol. 23, pp. 3781-3789, 2005.

[16] B. A. Berg and T. Neuhaus, "The multicanonical ensemble: a new approach to simu‐
late first-order phase transitions," Phys. Rev. Lett., vol. 68, pp. 9-12, 1992.

[17] B. A. Berg, "Multicanonical simulations step by step," Comp. Phys. Commum., vol. 153,
pp. 397-407, 2003.

[18] N. Metropolis, A. W. Rosenbluth, M. N. Rosenbluth, A. H. Teller, and E. Teller,
"Equation of state calculations by fast computing machines," J. Chem. Phys., vol. 21,
pp. 1087-1092, 1953.

[19] D. Yevick, "The accuracy of multicanonical system models," IEEE Photon. Technol.
Lett., vol. 15, pp. 224-226, 2003.

Multicanonical Monte Carlo Method Applied to the Investigation of Polarization Effects in Optical Fiber…
http://dx.doi.org/10.5772/53306

155



bin of the histogram will also be independent. Hence, the smoothness of the histogram is
often a good indication that the errors are acceptably low. While calculating the statistical
errors with importance sampling is more complicated, analytical formulae have been suc‐
cessfully implemented. By contrast, calculating statistical errors using MMC is not trivial.
MMC generates correlated samples, so that standard error estimation techniques cannot be
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1. Introduction

Polymer optical fibers (POFs) are in a great demand for the transmission and processing of
optical-based data communications compatible with the Internet, which is one of the fastest
growing industries in automobile and domestic industry. Other industry such as aviation
and maritime have also taking the advantages of POF. POFs become an alternative transmis‐
sion media replacing copper cable for future shipboard networks. A proposed POF based
technology over submarine network for multimedia data transmission, measurement sys‐
tem, navigation, sensors and several applications. As shown in Figure 1, the system is able
to transmit a number of signals represent a different data transmission (such as video, au‐
dio, etc) using a WDM based network (refer to Figure 1).

In this chapter, we proposed a wavelength division multiplexing (WDM) system over POF
due to the rapid increase of traffic demands [2]. WDM is the solution that allows the trans‐
mission of data in onboard the ship over more than just a single wavelength (color) and thus
greatly increases the POF's bandwidth.

2. Fiber optic onboard ship

The utilization of optical fiber as major data communication media onboard ship especially
on naval combatant ships is not a new discovery [1,2]. Equipments such as communications
system, radars, navigation system, combat management system, platform monitoring sys‐
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tems and LAN network have used fiber optic to transfer high rate data within equipment or
as main data communication backbone. For instant, the platform control and monitoring
system onboard ship is using dual redundancy Fiber Data Distribution Integration (FDDI)
system to command, control and monitor the platforms onboard the ship. An example of
FDDI architecture is shown in Figure 2. This FDDI architecture topology is glass fiber based
that capable to transport high density data over long distance because the backbone is cov‐
ering the entire ship. Numbers of commercial ships are also using FDDI topology as it is a
proven system available commercially in the market [1-4].

Figure 1. WDM-POF based network over novel system has been propose to ensure the high quality data transmission
and communication system

In this chapter, the novel optical splitter/coupler based polymer optical fiber (POF) was suc‐
cessfully designed for the infotainment and data communication system over POF on-ship.
The optical splitter consists of a single input port and N of output port (N=2,3,4,....). In prin‐
ciple, the bidirectional splitter performs two operational functions; either signal coupling (in
multiple P2P direction) or signal splitting (in P2M direction). Thus, the usage of WDM on‐
board ship will become a new frontier in optical network.

This fiber optic onboard ship system is the most updated and promising innovation that will
revolutionize in-vehicle data communication system which all data can be simply sent in visi‐
ble light format rather than in electrical format at high speed data transmission. Data commu‐
nication system is such all-in-one communication media system and the latest trend onboard
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ship network in which many appliances such as navigation system, platform surveillance &
monitoring system, damage control & fire fighting system, onboard infotainment & training,
sensors and many other appliances can be integrated via a WDM-POF. With this WDM-POF-
based technology, all data such can be processed with environment-friendly LED conversion
and low-cost multiplexing and filtering method besides the fact that it can extend the number
of appliances in car interior. This invention enables simple POF cabling system for delivering
each optical data as POF is the most updated cabling technology replacing conventional cop‐
per wire for short-haul communication. The advantages offered by POF over copper wire;
economical installing cost, enabling eco-friendly LED conversion, Electromagnetic Interfer‐
ence (EMI) immunity, no grounding necessary, avoiding sparks, resistance to heat and vibra‐
tion, lighter material, and narrow bending radius.

During the implementation of this project, several research activities to improve the efficien‐
cy of the system has been conduct. Temperature plays a significant role which can influence
the performance of the data communication system in POF-based onboard ship. The charac‐
terization test was carried out is to determine the performance of the device in the test bench
network. In the meantime, the fabricated splitter has been compared to other commercial one,
in term of their performance; splitting ratio and power loss. An experiment has been set up in
SPECTECH lab, Universiti Kebangsaan Malaysia, to evaluate the survivability of the device in
environmental condition with varied temperature. Besides, the aim of experiment is to ob‐
serve the temperature stability of the device while performing splitting/coupling function.
The variation of temperature from 30 °C to 125 °C was exposed directly to the device.

In response to feedback from industries, the thermal aging experiment was undertaken to
evaluate the durability of the device in very high temperature environment. The experiment
was carried out within 9 hours while the device was exposed to high temperature at 105 °C.
An analysis was made to observe the device performance with the variation of temperature.
Several graph was plotted to analyze power loss and coupling ratio in varied temperature.

3. Results and discussion

In this study, single line POF is used to carry multiple wavelengths using WDM technology
taking the advantage of its cheaper materials and fragility. Four different wavelengths are
used to connect LAN connections, telephone line, surveillance cameras and central video/
audio entertainments network throughout the ship for access by the user. The controller and
server for ship LAN and surveillance cameras is at Machinery Control Room (MCR) that lo‐
cated at deck 1 aft of the ship. This is also the location of damage control and fire fighting
headquarters onboard. The telephone PABX and central video/audio entertainment network
controller is at Main Communication Center located at the centre of the ship on deck 1. The
systems are also able to be monitored and controlled from the bridge located at 01 deck
where the ship is navigated or from the combat Information Centre (CIC) where the ship
warfare tactical information and status is collected, displayed, evaluated, disseminated and
controlled for decision by the Commanding Officer.
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Figure 2. L3 Dual Redundant FDDI for Ship Control and Monitoring architectural network

The CCTV will provide surveillance and monitoring from flood, fire or unauthorized en‐
trance of the high value compartments onboard. The LAN will enable ship staff to access all
administration and orders, manuals, publications, maintenance requirements and training
document from offices, common area and cabins. The central video/audio entertainments
network is providing the ships’ crews with central entertainment such as ship’s live radio,
movies and news broadcasted throughout the ship. The controller is placed at ship’s main
broadcast & recreation centre. The suggested backbone topology throughout the ship is as
shown in Figure 3.

Each deck are interconnected to form a Dual Redundant POF-WDM (DRePOF-WDM) back‐
bone arranged as one ring that interconnected to the equipments and end user devices. The
backbone is arranged in mesh topology via an Optical Add Drop Multiplexer (OADM)
which acts as optical switches. These switches will be able to be controlled and monitored at
MCR, CIC or bridge for redundant connection through the backbone to ensure survivability
and interconnectivity of the network. The connection [5] is shown in Figure 4. The devices
need for this system is: fiber couplers, Multiplexer, Demultiplexer, Optical Add Drop Multi‐
plexer (OADM) and POF's switches.

Figure 4 as shown above indicates overall arrangement of the system from the backbone to
the equipments and the end users located on the various decks onboard the ship. On each
deck, equipments and users in the rooms or compartments is linked to the DRePOF-WDM
backbone topology using WDM sequenced by time division multiplexing TDM via a trans‐
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ceiver. The multiple different signals enter and exit from the devices onto the single wave‐
length data streams are done by passive devices multiplexer and demultiplexer. Many
transmitters with different lights colour are used to carry single information. For example,
red light with 650nm wavelength modulated with LAN signal while blue, green, and yellow
lights carry image information, radio frequency (RF), and video signal, respectively. As
shown is Figure 4, WDM is the first passive device required in WDM-POF system and it
functions to combines optical signals from multiple different single-wavelength end devices
onto a single fiber [6-7]. Conceptually, the same device can also perform the reverse process
with the same WDM techniques, in which the data stream with multiple wavelengths de‐
composed into multiple single wavelength data streams, called demultiplexing.

Figure 3. Deck-by-deck dual redundant POF-WDM backbone architectural network
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Figure 4. Connection from DRePOF-WDM backbone to each deck and equipments

During the development of the onboard project, several research activities to improve the
efficiency of the system has been conduct. The characterization test was carried out is to de‐
termine the performance of the device in the test bench network.

3.1. Design and characterization of POF splitter

3.1.1. First generation

The first generation of low-cost fused taper (LFT™) splitters is initially demonstrated as
novel innovation in optical splitter technology particularly for POF since it is fabricated via
handmade fusion technique that is performed by handwork skill associated with simple
tools; candle and metal rather than biconical fused taper. The fabrication method is cost-ef‐
fective and less time-consuming (11 minutes per unit).

In comparison, the first generation of LFT™ splitter is more cost-effective than other POF-
based commercial splitter e.g. Diemount™ grinded splitter, Harz-optic™ splitter, Industrial
Fiber Optic™ (IFO) Fused Splitter and many others. The high costs of these commercial
splitters are mainly due to the fabrication method that is complicated and implemented with
fabrication machine that expensive. For LFT™ splitters, new handwork fusion method lead
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to low fabrication cost of splitter. The price for IFO™ fused splitter which uses same type as
LFT™ splitter cost around USD110 while LFT™ splitter is only cost at ~ USD20. Figure 5
shows the price comparison between the commercial splitter and LFT™ splitters.

Figure 5. The price comparison between the commercial splitters (a) Industrial Fiber Optic™ (IFO) Fused Splitter (b)
Diemount™ grinded splitter, (c) Harz-optic™ splitter, and (d) LFT™ splitters which cost at USD110, USD90, USD50 and
USD20, respectively

3.1.2. Second generation

The second generation of LFT™ splitter is the successor of poor-performance fused splitter
(first generation). The splitter is remain fabricated through handwork fusion technique.
However, the procedures of fabrication method is changed with minor modification where‐
by the method include a new step particularly for the purpose of fusing the polymer fibers.
As shown in Figure 6(a), second generation of LFT™ splitter is designed to have small area
of POF imperfection, in which the length of fused and tapered fibers is reduced below 4 cm.
The multimode step-indexed polymethylmethacrylate (PMMA) POF having a core diameter of
1 mm is used for splitter fabrication. Besides, polyvinyl chloride (PVC) is another material
that used as jacket for insulating input and output fiber ports of fused splitter.

In the splitter, the tapered structure is the most critical region in producing low-loss and ex‐
cellent power-splitting device. The structure has to be designed and fabricated having high
fusion degree, in which all POFs are completely fused and coupled so that the wavelength
of interest can pass through the coupling region with low power deviation and excellent
power-splitting ratio. Therefore, no twisting effetcs are present in tapered region since the
twisted spiral fiber is refined via fusion process. Figure 6(b) shows the cross-section of high‐
ly fused region in 3 × 3 or/and 1 × 3 tree coupler (splitter). Through fused and pulled region
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having a cross-section as depicted in Figure 6(b), the optical power input is coupled to each
fiber output port with excellent power-splitting ratio. In the other word, one third of power
capacity is distributed to every single of output fiber port.

Figure 6. New schematic design of (a) highly-fused taper structure in the center of fiber bundle and (b) cross-section
of fused region in fused 3 × 3 biconical coupler

Basically, the term of ‘fusion’ defines the act or procedure of liquefying or melting by the ap‐
plication of heat. The maximum temperature required to ensure POFs reach melting point is
85°C [6]. In general, the technique includes four processes; fiber bundle configuration, fabri‐
cation of spiral fiber, fusion and fiber tapering. Among these process, fusion is new step that
firstly demonstrated in fabrication method for the second generation splitters.

a. Fiber bundle configuration

b. Fabrication of spiral fiber

c. Fusion

d. Fiber tapering

Since the length of tapered fiber is reduced below 6 cm to minimize area of POF imperfec‐
tion. An experimental characterization was undertaken on the relationship between the
length of tapered and optical loss to observe a possible range of tapered length enabling
low-loss power splitting. Figure 7 shows the relationship between the length of tapered and
optical loss. Figure 8 shows the relationship between coupling ratio and the length of ta‐
pered. These results are essential in determine excellent dimension for the fabrication of sec‐
ond generation of LFTTM splitter. Coupling ratio is a parameter that indicates fusion
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characteristic in fused fibers. The ideal coupling ratio is 0.33 for each output port of splitter.
The coupling ratio of 0.33 for each port shows that each fiber has been fused completely to
be as a new single core.

Figure 7. The excess loss of 3 × 3 coupler with range of tapered length vary from 1.5 cm to 7.5 cm; low excess loss < 3
dB occur in coupler in the range of tapered fiber length of 1.5 – 3.0 cm.

Figure 8. The coupling ratio of 3 × 3 coupler with range of tapered length vary from 1.5 cm to 7.5 cm; the coupler has
good coupling ratio (~ 0.33) for each port within the range of 3 cm to 1.5 cm
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of fused region in fused 3 × 3 biconical coupler
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a. Fiber bundle configuration

b. Fabrication of spiral fiber

c. Fusion

d. Fiber tapering

Since the length of tapered fiber is reduced below 6 cm to minimize area of POF imperfec‐
tion. An experimental characterization was undertaken on the relationship between the
length of tapered and optical loss to observe a possible range of tapered length enabling
low-loss power splitting. Figure 7 shows the relationship between the length of tapered and
optical loss. Figure 8 shows the relationship between coupling ratio and the length of ta‐
pered. These results are essential in determine excellent dimension for the fabrication of sec‐
ond generation of LFTTM splitter. Coupling ratio is a parameter that indicates fusion
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characteristic in fused fibers. The ideal coupling ratio is 0.33 for each output port of splitter.
The coupling ratio of 0.33 for each port shows that each fiber has been fused completely to
be as a new single core.

Figure 7. The excess loss of 3 × 3 coupler with range of tapered length vary from 1.5 cm to 7.5 cm; low excess loss < 3
dB occur in coupler in the range of tapered fiber length of 1.5 – 3.0 cm.

Figure 8. The coupling ratio of 3 × 3 coupler with range of tapered length vary from 1.5 cm to 7.5 cm; the coupler has
good coupling ratio (~ 0.33) for each port within the range of 3 cm to 1.5 cm
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From the graph, it is indicated that low optical loss < 3dB presents in tapered fiber length
range of 1.5 – 3.0 cm. Furthermore, the fused and tapered fiber has good fusion characteris‐
tic in the range of 1.5 – 2.0 cm since the coupling ratio of each output fiber reach ~ 0.33 with‐
in this range. It is found that 1.5 cm is the minimum length required for fused input fiber to
be suited into a small channel having ~1 mm diameter in DNP connector. Therefore, the
range of 1.5 – 2.0 is selected for excellent dimension of fused and tapered length in order to
permit low-loss power splitting and homogenous splitting ratio. Figure 9 (a) shows the
structure of fused and tapered output fiber featured in the second generation of LFTTM split‐
ter, in which the diameter of POF cross-section decrease to ~1 mm that fabricated through
modified handwork fusion technique.

Figure 9. The features of (a) novel highly fused tapered having short taper length and plane surface (without twisting
effect) and (b) conventional fused taper having long taper length and ripple surface (with twisting effects)

Figure 10. The results of experimental optical injection with 650 nm light source; (a) for the first generation of splitter
and (b) for the second generation of LFTTM splitter.
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As shown in Figure 10 (a), when the only one fused input port is injected with red LED
transmitter having 650 nm, it is observed that each output port emits high-intensity red
light. In comparison, as shown in Figure 10 (b), in the past experimental injection test, each
output port of the first generation splitter emits red light with low power intensity except
one output fiber among them. The power splitting with high intensity shows that the second
generation of fused splitter is able to perform low-loss optical data splitting.

For the first generation splitters, as shown in Figure 11, the insertion loss of each output port
is high which the range is 10 - 20 dB. In contrast to the first generation splitter, the second
generation splitters perform with low insertion loss since each output fiber has insertion loss
varying from 4 dB to 17 dB.

Figure 11. The comparison for insertion loss of each output fiber

Figure 12 shows the result for excess loss of the first and the second generations of LFTTM

splitter and commercial splitter. The result shows that the excess loss of the second genera‐
tion splitter is lower than the first generation; this means that the performance of low-cost
fused splitter has been improved effectively.

3.2. Temperature effect experiment

In the experiment, temperature of hot plate was increased by 5 °C to reach stable condition.
Figure 13. shows the influence of temperature variation T from 30 °C to 125 °C on output
power Po for the splitter.
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Figure 12. The comparison for excess loss

Figure 13. The relationship between temperature variation (30 °C to 125 °C) and output power for Low cost POF splitter
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As shown in Figure 14, in each fiber port, output power decreases with respect to tempera‐
ture rise. The type of fused polymer splitters were completely damaged when heating tem‐
perature increased T = 125 °C. The temperature point at 95 °C can thus be defined as
damage threshold because the splitter loss temperature stability at this point. Figure 14.
shows Excess loss variations as function of temperature for the splitter in bidirectional pow‐
er injection.

As shown in Figure 15, the excess loss increase gradually with temperature increase. In this
case, the splitter has temperature stability while maintaining their performance until T = 100
°C. Figure 15. shows temperature dependence of coupling ratio for the splitter in their
throughput and cross-coupled fiber ports in bidirectional light guide propagation.

3.3. Thermal aging experiment

Figure 16. shows the durability of the Low cost POF splitter within 9 hours at fixed tempera‐
ture T = 105 °. The graph shows that the splitter has high temperature stability within 9
hours when the splitter was exposed to very high temperature. The result shows that the
splitter has high durability.

Figure 17. shows the durability of the Low cost POF splitter in term of output power in μW
within 9 hours at fixed temperature T = 105 °.

Figure 14. Excess loss variations as function of temperature for the splitter in bidirectional power injection
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Figure 15. Excess loss variations with temperature increase for the splitter

Figure 16. The relationship between heating time and power loss of the splitter
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Figure 17. The relationship between heating time and power loss of the splitter

4. Conclusion

In conclusion, the Wavelength Division Multiplexing application over the Polimer Optical Fi‐
ber was used for data transmission onboard ship system. The network has been designed via
dual redundancy POF-WDM interconnected deck-by-deck using mesh topology, introducing
the design philosophy of Dual Redundant POF-WDM (DRePOF-WDM) backbone network.
OADM acts as switches is used to make redundancy circuits [5, 8]. Four different wavelengths
has been used to connect the overall equipments throughout the ship. This system is very
promising hence the payback of less overall ship’s weight and therefore will improve the
speed and less fuel consumptions of the ship for future new build or ship embarking life exten‐
sion program. The efficiency related to the temperature effect and thermal aging has been ob‐
served in order to optimized the onboard ship communication network.  Any system or
equipment to be fitted onboard can use this existing DRePOF-WDM backbone.
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1. Introduction

With the general term “Optical Fibers” it is quite common to refer to a specific type of fibers,
in particular Glass Optical Fibers (GOF), that can then be divided into several categories de‐
pending on the type of applications they are needed for (communications, sensing, lasing,
etc.); but optical fibers are not only glass-based: a wide variety of Polymer-based Optical Fi‐
bers (POF), that can be mainly classified based on the specific material and the index profile,
exists, for several applications.

Figure 1. Overview of the different types of POF available.

Two major classes of POF can be identified: Step-Index POF with large core and Graded-
Index POF. It is quite common to identify the first type of fiber as POF and the second one
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as PF-POF (made of perfluorinated material) or GI-POF, however in the following, for sake
of clarity, PMMA-SI-POF will be used to address large core step index fibers made of
PMMA material. Some other variants exist but are not commonly used, so we will not ad‐
dress them in this chapter.

The use of polymers instead of glass gives certain advantages in terms of mechanical ro‐
bustness  and installation in  hostile  environments  (such as  in  presence  of  water  or  high
humidity),  so many studies are still  in progress to reduce the transmission performance
penalty that POF pay with respect to GOF. Since the behavior of the best performing GI-
POF are getting very similar to multi-mode GOF, purpose of this chapter is to focus only
on PMMA-SI-POF.

This chapter is organized as follows: first, we will give an overview on the fiber itself, de‐
scribing the material, the production process, the main characteristic; secondly, we will de‐
scribe components and tools for PMMA-SI-POF handling and using; then, we will analyze
their adoption for communication systems and sensing applications.

2. Basics of PMMA-SI-POF

The most widely available PMMA-SI-POF has a core diameter of 980 μm and a global (core
plus cladding) diameter of 1mm, while a variant with a diameter of 500μm is gaining inter‐
est; however, only the first type of fiber is standardized [1].

The success of 1mm fiber is due to the wide range of applications (Hi-Fi, car infotainment
systems, video-surveillance, home networking) and to the interesting mechanical character‐
istics with respect to GOF. In particular, we can highlight the following main advantages
that this type of POF has with respect to other fibers (we will not discuss about all the intrin‐
sic advantages of optical propagation compared with electrical communications, that are
maintained moving from GOF to POF):

• High mechanical resilience: the flexibility of the plastic material allows rough handling of
the fiber, such as severe bending and stressing, without causing permanent damages. This
enables brownfield installation (for example in existing power ducts, being an electrical
insulator), also thanks to the 2,2 mm diameter of conventional PMMA-SI-POF simplex ca‐
ble;

• High mechanical tolerances: the 980 μm core and the 0,5 numerical aperture allow a cer‐
tain aligning mismatch in connection processes with transmitter and receivers of among
fiber spools. This tolerance avoids the use of expensive precision tools for connectoriza‐
tion. Moreover, dust on the fiber ends is less compromising than with small-core fibers;

• Low bending losses: the core diameter also allows a certain bending tolerance. It has been
demonstrated [2] that more than 20 bends at 90° with a radius of 14 mm are requested to
cause a loss over 5dB for a 1 Gbps transmission system, even if standards foresee 0,5dB
for every bend with a bending radius of 25 mm;
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• Easy tooling: fiber cut can be made via conventional scissors, and polishing via sand pa‐
per, however very simple tools that avoid polishing after cutting exist. Connectorization
is fast and easy via crimping or spin connectors, while also connector-less connection via
clamping is foreseen in recent transceivers;

• Use of visible sources: the PMMA material works efficiently in the visible wavelength,
namely red, green and blue (650 nm, 520 nm and 480 nm respectively). This actually helps
unskilled personnel to have a preliminary evaluation of the good functioning of the com‐
ponents (you can actually see the light);

• Ease of installation: the previous characteristics result in a certain ease of installation for
unskilled personnel and users, then yielding a consistent reduction in installation time
and cost;

• Water resistance: PMMA is also very resistant towards water and salted water. This
makes POF suitable for marine applications.

These advantages are reflected in 500 μm PMMA-SI-POF, with the obvious note that align‐
ment tolerances are lower.

In turn, PMMA-SI-POF suffer of high attenuation and low bandwidth; while the attenuation
is due to the material, the bandwidth limitations are due to the size of the core and the index
profile: in 1 mm PMMA-SI-POF around 1 million modes are propagating in the operational
wavelengths.

n(r)
ncore

ncladd

980 um

r

Figure 2. PMMA-SI-POF dimensions and index profile

We can then summarize that PMMA-SI-POF are not to be considered as competitors to GOF,
but are rather competitors to copper, with the advantage of being a suitable medium for
hostile environments. In Figure 3 it is possible to see a comparison among standard UTP
Cat. 5e cable and a PMMA-SI-POF duplex cable.
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Figure 3. Comparison among a standard UTP Cat.5e copper cable and a PMMA-SI-POF duplex cable. POF cable is
smaller and can easily replace copper cable.

2.1. Materials and production processes

2.1.1. Core materials

The most common material for POF is PolyMethylMethAcrylate (PMMA), also known as
Plexyglas; it’s refractive index is 1,492 and its glass transition temperature is around 105°C.
PMMA based POF usually work with visible light (red, green and blue), however the at‐
tenuation can be very high (up to 200dB/Km for commercial fibers). Other materials have
been investigates: Polystyrene (PS) has an higher refractive index than PMMA (1,59) but its
attenuation performances are not expected to be better, so currently no mass production em‐
ploying this polymer exists; Polycarbonate (PC) has a refractive index of 1,58, is interesting
for special applications thanks to its high glass transition temperature (150°C) but its very
high attenuation makes it not suitable for telecom/datacom applications.

MMA structure can be seen in Figure 4.

Figure 4. MMA momomer
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2.1.2. Cladding materials

The other main materials for POF are Fluorinated Polymers; they can also be used for the
core, since their performances are very interesting in terms of attenuation: in theory it could
be comparable with the one achieved for glass fibers, and the refractive index is in the order
of 1,42;to date, the best results have been achieved with CYTOP polymer, working at 850 nm
and 1300 nm and used for GI-POF. However, from the point of view of PMMA-SI-POF, PF
polymers are adopted as cladding materials.

Figure 5. CYTOP momomer

PMMA can be used as cladding material when the core is made with PC.

2.1.3. Manufacturing by fiber drawing

The most well-known method for fiber productions is drawing from a preform, with a prop‐
er drawing tower; this method is used for mass production of glass fibers and can be easily
adapted to polymer fibers.

A cylinder of polymer (the preform), having the very same structure and refractive indices
difference of the fiber we want to draw has to be prepared, usually with an extrusion proc‐
ess; this cylinder has dimensions orders of magnitude bigger compared to the fiber it is
meant to generate. The preform is then mounted on top of the drawing tower and heated
through a specific furnace to a temperature that makes the polymer starts to soften, so that it
becomes possible to reduce its diameter via controlled traction by a take-up winding drum.
During the process, the diameter is controlled and it is eventually possible to deposit the
coating (however this operation can also be performed in a subsequent phase).

Some variants of the process foresee the preform to be suitable for core drawing only, with
the cladding applied subsequently via extrusion.

This way, the length of the fiber that can be obtained is limited by the dimension of the orig‐
inal preform.

With respect to GOF drawing towers, due to the lower melting temperature of polymer with
respect to glass, POF towers are lower and also the ovens have a lower working tempera‐
ture. Also the drawing speed is significantly lower, being in the order of 0,5 m/s while for
GOF the conventional production speed overcomes 10 m/s.
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Figure 3. Comparison among a standard UTP Cat.5e copper cable and a PMMA-SI-POF duplex cable. POF cable is
smaller and can easily replace copper cable.
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Figure 6. Fiber drawing.

2.1.4. Manufacturing by extrusion

Producing the fiber by extrusion requires the whole process to start from the monomer, that
by means of a distillation process is inserted into a proper reactor together with the initiator
and the polymerization controller. Once the process is concluded (at a temperature of about
150°C), the polymer is pushed through a nozzle by pressurized nitrogen injections, in order
to control the diameter, and the cladding is applied (the cladding is extruded at around
200°C).

The extrusion is quite simple for PMMA-SI-POF, and is the most promising manufacturing
process since it is quite cheap and allows continuous production starting from the mono‐
mer, thus enabling mass-production.

2.2. PMMASI-POF characteristics

2.2.1. Attenuation

Attenuation is a very important factor in determining the maximum length of a fiber link,
and depends on the material properties and the transmission wavelength. The PMMA at‐
tenuation spectrum is depicted in Figure 7. It can be seen that, as happens with glass, three
transmission windows can be clearly identified, even if with very different attenuation val‐
ues: around 500 nm, 570 nm and 650 nm, starting from at least 80dB/Km; being in the visible
wavelength interval, these windows can be associated to colors, respectively blue-green, yel‐
low and red.
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Figure 7. PMMA attenuation spectrum. Different windows can be identified.

The availability of components and the shape of the windows actually suggests to identify
the transmission windows as follows: blue (480 nm), green (520 nm) and red (650 nm).
Green and blue windows are characterized by the lowest attenuation, in the order of
80dB/Km (together with yellow, in which the attenuation is even lower but there is lack of
components, and thus this window will be neglected in the following of this chapter), while
in red the attenuation is nearly doubled but where there is a significantly higher availability
of components at higher speeds. It has to be mentioned that standards [1] use to define the
attenuations as reported in Table 1 for PMMA-SI-POF dubbed of category A4a.2.

Wavelength (nm) Attenuation (dB/Km)

500 <110

650 <180

Table 1. Attenuation of PMMA-SI-POF according to IEC 60793-2-40 A4a.2

It is then evident that, when dealing with PMMA-POF, transmission length is limited to a
few tens or a few hundred meters, depending on the baud-rate.

Given the attenuation of the fiber and the fact that home/office networking is one of the
most interesting market for data-communications over PMMA-POF, bending loss becomes a
parameter of paramount importance when dimensioning and then installing the system. As
previously mentioned, standards foresee 0,5dB for a bend with a radius of 25 mm, but better
results have been achieved; Figure 8 shows measured value of extra-losses for 360° bends,
when the modal equilibrium is reached.

It can then be said that 0,5dB of extra-loss has to be considered for each 10 mm bend, while
there is virtually no extra-loss to be considered when the bending radius exceeds 25 mm.
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Figure 8. Extra attenuation vs. bending radius

As briefly mentioned, the modal equilibrium condition is important while measuring at‐
tenuation: due the multimodality of the fiber, the launching conditions are important espe‐
cially for short lengths. In order to avoid having length-dependent attenuation
measurements (after a certain length the Equilibrium Mode Distribution EMD is naturally
obtained), usually two methods are adopted: differential measurement with consistent fiber
lengths or the insertion of a mode scrambler at the transmitter side. An example of mode
scrambler is reported in Figure 9.

Figure 9. Mode scrambler. Two cylinders with a radius of 21 mm are separated by 3 mm. The fiber is wounded in a 8-
shape 10 times around those cylinders. The total attenuation of such an arrangement is about 10dB.
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2.2.2. Bandwidth

PMMA-SI-POF are highly multi-modal (in the order of 1 million modes), and in the wave‐
length regime we consider, for what concerns bandwidth performances, multi-modality is
by far the most limiting factor, while chromatic dispersion becomes negligible. It is not tar‐
get of this chapter to perform a deep theoretical analyses of bandwidth in POF, then we will
now focus only on experimental measurements, pointing out the fact that, as GOF, POF
have a low-pass characteristic that can be approximated with a Gaussian curve.

A bandwidth measurement technique has not yet been defined in any standard; in litera‐
ture, we can find results exploiting the following methods:

1. Frequency-domain direct spectral measurement with network analyzers;

2. Time-domain measurement with narrow pulse generation;

3. Optical Time Domain Reflectometry (OTDR).

The most comprehensive results available in literature [3] have been obtained with method
1, while results obtained with the other methods are usually a lot more limited in the length
of the link [4], [5].

Frequency-domain measurement setup is quite simple: an electrical network analyzer drives
an high-speed laser source connected to the fiber under test, then an high-bandwidth optical
receiver closes the loop into the network analyzer, so that a direct bandwidth measurement
can be performed. The results shown in Figure 10 are referred to a fiber with a declared
NA=0,46. It is evident how POF systems can also be bandwidth limited, since we range from
30 MHz for 100 m of fiber to 9 MHz for 400 m of fiber. Also in this case it is useful to reach
the EMD condition to avoid measurement being affected by launching conditions, such as
transmitter numerical aperture.

 

Figure 10. Electrical-to-electrical PMMA-SI-POF response for different link lengths with indication of 3dB bandwidth.
Courtesy of the authors of [3].
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It is not purpose of this chapter do go into deep analysis of the theoretical aspects of fibers
bandwidth, and we suggest to refer to [6] if interested.

2.2.3. Handling, tooling and connectorization

The big advantage of 1 mm POF are due to their easy handling: this does not require expen‐
sive equipment and allows do-it-yourself installation; in particular:

• PMMA-SI-POF is robust and flexible, with good bending properties, and thus suitable for
careless handling;

• its core dimension and numerical aperture allow certain mechanical tolerances and low
sensitivity to contaminations;

• connectorization is easy, requiring simple tools (such as even conventional scissors) and,
taken to the extreme, also allows connector-less contact.

Workmanlike connectorization of PMMA-SI-POF foresees the following steps:

• cutting and stripping the fiber with a proper tool, such as in Figure 11;

• inserting the fiber into the chosen connector (different types of connectors can be seen in
Figure 12) and locking it (the connectors are usually self-crimping or screw-type);

• putting the connector into a polishing disk (Figure 13) and cleaving by moving the disk
on delicate sand paper forming several times a 8-shape.

Figure 11. Cutting and stripping tools. On the left, a conventional copper cable stripper; on the right, a proper tool
courtesy of Firecomms.

For such a connection, a 1 dB penalty is usually taken into account. Fusion splicing is not
available with POF, so splicing is obtained facing to end-connectors into a proper in-line
connector, and thus a 2 dB attenuation has to be taken into account.
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Figure 12. Different type of 1 mm POF connectors. ST, SMA (2 versions), V-pin. Other type of connectors exist.

It is worth nothing that connectorless installation is gaining real interest since the induced
penalties with respect to the previously mentioned procedure can be really negligible if the
cutting is made with a certain care. If cutting and stripping is done with tools such as the
ones shown in Figure 11, allowing a certain plain cut of the end face, then special transceiver
housings such as the Optolock™ (by Firecomms, Figure 14) can be used, simply inserting
the fiber into it and then locking.

Figure 13. Polishing disk for 1 mm POF. This disk will be moved forming several times a 8-shape on sand paper for
final cleaving.

Step-Index PMMA Fibers and Their Applications
http://dx.doi.org/10.5772/52746

187



It is not purpose of this chapter do go into deep analysis of the theoretical aspects of fibers
bandwidth, and we suggest to refer to [6] if interested.

2.2.3. Handling, tooling and connectorization

The big advantage of 1 mm POF are due to their easy handling: this does not require expen‐
sive equipment and allows do-it-yourself installation; in particular:

• PMMA-SI-POF is robust and flexible, with good bending properties, and thus suitable for
careless handling;

• its core dimension and numerical aperture allow certain mechanical tolerances and low
sensitivity to contaminations;

• connectorization is easy, requiring simple tools (such as even conventional scissors) and,
taken to the extreme, also allows connector-less contact.

Workmanlike connectorization of PMMA-SI-POF foresees the following steps:

• cutting and stripping the fiber with a proper tool, such as in Figure 11;

• inserting the fiber into the chosen connector (different types of connectors can be seen in
Figure 12) and locking it (the connectors are usually self-crimping or screw-type);

• putting the connector into a polishing disk (Figure 13) and cleaving by moving the disk
on delicate sand paper forming several times a 8-shape.

Figure 11. Cutting and stripping tools. On the left, a conventional copper cable stripper; on the right, a proper tool
courtesy of Firecomms.

For such a connection, a 1 dB penalty is usually taken into account. Fusion splicing is not
available with POF, so splicing is obtained facing to end-connectors into a proper in-line
connector, and thus a 2 dB attenuation has to be taken into account.

Current Developments in Optical Fiber Technology186

Figure 12. Different type of 1 mm POF connectors. ST, SMA (2 versions), V-pin. Other type of connectors exist.

It is worth nothing that connectorless installation is gaining real interest since the induced
penalties with respect to the previously mentioned procedure can be really negligible if the
cutting is made with a certain care. If cutting and stripping is done with tools such as the
ones shown in Figure 11, allowing a certain plain cut of the end face, then special transceiver
housings such as the Optolock™ (by Firecomms, Figure 14) can be used, simply inserting
the fiber into it and then locking.

Figure 13. Polishing disk for 1 mm POF. This disk will be moved forming several times a 8-shape on sand paper for
final cleaving.

Step-Index PMMA Fibers and Their Applications
http://dx.doi.org/10.5772/52746

187



Figure 14. Optoloc™ transceiver housing, courtesy of Firecomms.

2.3. Overview on components

It is not in the scope of this chapter to present a full treatise on optical components, that
would deserve a full book itself, so we suggest to consult [7] for this purpose and we will
give a very general overview on what type of optical components are available for PMMA-
SI-POF applications, given that the most interesting novelties of PMMA-SI-POF components
are related to the optical sources only.

2.3.1. Sources

LEDs are the most common optical source to be employed with PMMA-SI-POF. LEDs are
available for all the main wavelengths (red, green and blue), and can guarantee high output
power and long lifetime. Components with an output power of up to +6 dBm can be found
on market, and modulation bandwidths usually are in the order of the tenth of megahertz;
thus, they usually are suitable for low-speed transmissions, such as 10 Mb/s, or require com‐
plex modulation formats of equalization techniques for higher speeds. Typical linewidth of
LED sources is in the order of 40 nm.

A wide variety of red lasers exist, mostly developed of CD and DVD drives and laser point‐
ers; usually, sources developed for such applications hardly meet the speed requirements
for data communications but might be suitable for sensing applications. High power edge
emitting lasers suitable for high-speeds exist, but not yet available in mass production or for
low-cost applications. Vertical Cavity red lasers (VCSELs) are gaining interest since they can
achieve interesting performances in terms of bit-rate [14], however low-cost commercial
units usually have their peak wavelength at 665 nm, that remains in the red region but expe‐
riences a little attenuation penalty with respect to sources working at the optimal wave‐
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length of 650 nm. The spectral width of VCSELs is of course very narrow, and the typical
output power is in the range of -5 dBm to -2 dBm.

Resonant Cavity LEDs (RC-LEDs) are gaining increasing interest for communications, since
they join the robustness of LEDs with the high bandwidth provided by the resonant cavity.
Commercial components work at 650 nm, with a spectral width in the order of 20 nm. Com‐
mercial RC-LED have 2 or 4 Quantum Wells (2QW or 4QW); in general 2QW sources are
faster while 4QW sources are more powerful. On average, the typical bandwidth of a RC-
LED source is in the order of 250 MHz, while the output power goes up to 0 dBm.

For comparison purposes, in Figure 15 and 16 are reported the eye diagrams at the output of
commercial low-cost VCSEL and a RC-LED when transmitting 1,1 Gb/s.

Figure 15. Gb/s transmission, eye-diagram at VCSEL output

Figure 16. Gb/s transmission, eye-diagram at RC-LED output
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As a summary, it is worth reminding that when needing high-speed components, such as
VCSELs and RC-LEDs, then working in red wavelength is the only option.

2.3.2. Photodiodes

Typically, silicon photodiodes are used with PMMA-SI-POF. Their highest responsivity is
usually around 950 nm, but their efficiency usually remains quite high also at 650 nm; some
variants having their best performance at 800 nm exist. The performances decay when work‐
ing at shorter wavelengths, but the lower attenuation of the fiber in green and blue.

Typical photodiodes have an area of 500 μm, up to 800 μm; considering the fiber diameter of
980 μm, it is quite common to use spherical coupling lenses in the photodiode package for
improving coupling efficiency.

Pin structures are the most common to be found on market, but some Avalanche Photo De‐
tectors (APD) can also be found.

2.3.3. Passive components

In the POF world there is not the same variety of passive components as in the GOF world.
In particular, it can be said that only POF couplers exist off-the-shelf. The reasons for this
lack of components is mainly due to the relatively low market needs. In particular, it can be
said that only couplers/splitters exist off-the-shelf, mainly used for measurements setups or
sensing applications. Couplers for PMMA-SI-POF are in general quite simple to be pro‐
duced, mainly starting from the fiber itself: the most common structure foresees to polish
two fibers, match and then glue them. It has to be mentioned that such couplers usually ex‐
hibit an excess loss in the order of 3 dB (to be added to the 3 dB due to the power splitting).

It is then worth mentioning that, however filtering in the visible regime should be quite
common, no filters for PMMA-SI-POF exist. At the same time, no attenuator are available,
and the common way to obtain (uncontrolled) attenuation is to insert in-line connectors into
a fiber link and then creating an air-gap among the two facing fibers.

3. Data communications with PMMA-SI-POF

Considering attenuation and bandwidth characteristics illustrated in paragraph 2.2 and the
performances of the components described in paragraph 2.3, it becomes quite evident that, if
we consider the speeds defined by the Ethernet standard, 10 Mb/s systems are mainly at‐
tenuation limited, while transmitting at 100 Mb/s and over suffers of severe bandwidth limi‐
tations. Communications with PMMA-SI-POF then require the adoptions of mechanisms
that are not usual to the optical community but that are widely adopted for example in cop‐
per or radio communications, such as multi-level modulation schemes or equalizations. In
the following we will rapidly describe the most interesting multilevel modulation formats
currently adopted for PMMA-SI-POF transmission, then we will report on the architectures
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that in literature have demonstrated the best bit rate vs. length results, considering the data-
rates defined by the Ethernet standard.

3.1. Amplitude modulations: binary and multilevel

Amplitude modulations are the only formats reasonably applicable to PMMA-SI-POF sys‐
tems, due to the unavailability of external modulators.

Conventional optical communications adopt On-Off Keying (OOK), that is a binary ampli‐
tude modulation, thus transmitting one bit per symbol and that in optics can be simplified
switching the source ON when transmitting symbol 1 and OFF when transmitting symbol 0.
In recent years more complex modulation formats, able to transmit more bits per symbol,
have gained interest also when dealing with single-mode GOF for ultra-high capacity back‐
bone systems. When dealing with PMMA-SI-POF, also due to the absence of proper optical
modulators, only direct modulation of the source power can be adopted, thus introducing
Pulse Amplitude Modulation (PAM).

PAM) consists in transmitting one of M possible amplitude levels (the “symbols”) in each
time slot. It is a well-known technique outside the fiber optic community, while it has found
so far little (if any) application in fiber transmissions. For this reason, we briefly review its
basic principle and terminology.

The number of levels M is set to M=2^N_bit, where N_bit is the number of transmitted bits
per symbol. Being T_s the duration of a symbol, the quantity D=1/T_s is the number of
transmitted symbols per second, also called baud-rate, and the resulting bit rate is B_r =
N_bit*D. The only reason for choosing multilevel is that, for a given available bandwidth
B_av (related to the cascade of the transmitter, channel and receiver transfer functions), the
maximum data rate that can be transmitted without excessive Inter-Symbol Interference
(ISI) increases with the number of levels M. As a rule of thumb, the relation:

B_av > 0.7 D

should be satisfied to have acceptable ISI level (the constant 0.7 comes from the SDH stand‐
ard; it can vary a little depending on filter types, without qualitatively affecting the follow‐
ing considerations nevertheless). Thus, for the same available bandwidth B_av, the resulting
maximum bit rate increases with N_bit following the relation:

B_r_max < N_bit * B_av / 0.7

When adopting OOK, this means that for example 70 MHz are required for a line-rate of 100
Mb/s, while for multilevel modulations with the same bandwidth 100 Mbaud can be trans‐
mitted.

The use of multilevel transmission is very interesting for any bandwidth-limited system. On
the other side, the drawbacks are:

• for a given Bit Error Rate and a given receiver noise floor, the required received power (or
“receiver sensitivity”) increases with N_bit
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• the entire transmission channel, from the transmitter to the receiver, should be as linear as
possible

• the complexity of the TX-RX pair is clearly increased with respect to binary transmission.

Multilevel transmission is then an appealing approach to improve the maximum bit rate
without changing the optical part of the system. This key advantage has to be weighted up
together with the previously mentioned drawbacks. In particular:

• regarding receiver sensitivity, for the same total bit rate, the penalty of multilevel com‐
pared to binary is equal to 1.76 dB for M=4, 3.93 dB for M=8 and 5.74 dB for M=16, if the
receiver bandwidth is properly optimized. Without receiver bandwidth optimization, the
penalty is respectively 4.77 dB, 9.03 dB and 12.04 dB. These penalties should clearly be
taken into account.

• Regarding POF channel linearity, the only significantly nonlinear optoelectronic device is
the LED, while the POF itself and the photodiode are linear to a fairly good approxima‐
tion. Multilevel POF transmitter should therefore properly compensate for potential LED
nonlinearity

• Regarding TX-RX electronic complexity, the cost of high-speed electronics is decreasing
so much that there is a rationale to move “logical complexity” from the optical level to the
electronic level, by using suitable digital signal processing (using programmable devices
such as DSP and FPGA).

PAM has been described in deep since it is one of the options that is being considered for the
standardization of 1 Gb/s PMMA-SI-POF systems, however other multilevel formats, such
adduobinary [8], [9], [10] can be of interest and easy to be introduced.

Increase of performances could also be obtained using adaptive equalization; this topic is
too complex to be fruitfully addressed in this chapter, so we will only mention when in liter‐
ature equalization has been adopted and we suggest the reader to consult [11] for the theory
of equalization.

3.2. Best results available in literature

3.2.1. 10 Mb/s transmission

According to the frequency response depicted in Figure 10 and the rule-of-the-thumb re‐
ported in the previous paragraph about the relationship among bandwidth and baud-rate, a
conventional OOK modulation at 10 Mb/s could easily overcome, in terms of bandwidth, a
distance of 400 m. In terms of attenuation, it makes sense then to use green wavelength due
to the lowest attenuation it presence: the lack of fast components is not a limiting factor at
this bit-rate. However, overcoming 400 m implies a power budget of over 40 dB, impossible
with the best receivers available on market. Thus, we can affirm that at 10 Mb/s the system is
attenuation limited.
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UTP to POF Ethernet media converters currently available on market usually have a maxi‐
mum reach in the order 200/250 m. They are mostly obtained by using standard Ethernet
chipsets and directly driving the optical source. With the same technique, analog video-sur‐
veillance systems are being produced.

The best result available in literature [3] shows the possibility of transmitting 10 Mb/s over a
distance of 425 Mb/s, by properly choosing the optical components (for mass production)
and introducing Reed Solomon Forward Error Correction (FEC). Ethernet transport over
such distances has required to correct the standard at level 1 and level 2, removing the Man‐
chester line-coding (that doubles the line rate with respect to the bit-rate) to adopt a 8B / 10B
line coding, and transforming the data stream from bursty to continuous in order to apply
the FEC.

 

Figure 17. Eye-diagram of 10 Mb/s transmission over 400 m of PMMA-SI-POF, with one intermediate connector.
Courtesy of the authors of [3].

3.2.2. 100 Mb/s transmission

Severe bandwidth limitations occur when transmitting at 100 Mb/s: from a power-budget
point of view, transmitting in green could target 250 to 300 m, while over these distances the
available bandwidth is well below the 20 MHz. This is then the typical case in which multi‐
level transmission techniques become of paramount importance. Adopting bandwidth-effi‐
cient modulation formats can allow, also in this case, the adoption of green components
even giver their lack of speed with respect to red components. In fact, the best result availa‐
ble in literature [11] adopts a green LED with a bandwidth of 35 MHz and an average out‐
put power of +2 dBm at the transmitter side and a large area photodiode with integrated
transimpedence amplifier, with a bandwidth of 26 MHz, at the receiver side, and reaches a
distance of 275 m. The authors of the paper have opted for 8 levels PAM (8-PAM), and due
to the linearity requirements mentioned in 2.4.1, LED non-linearity compensation has been
implemented; even with these techniques, the received eye-diagram after a link in the order
of 200 m resulted completely closed, showing that also equalization techniques [12] should
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be studied in order to recover the signal. In fact, the authors of [11] have adopted adaptive
equalization (adaptive to cope with the intrinsic stochastic properties of multimodal disper‐
sion), and the power budget has been increased with the adoption of FEC. In Figure 18 it is
shown the eye-diagram of the 8-PAM signal after 200 m of PMMA-SI-POF when LED non-
linearity compensation and adaptive equalization are adopted. Moving modulation formats
with even more levels would be practically unfeasible for stricter linearity requirements.

It is worth mentioning that, when it is not requested to reach long distances, so that the
available fiber bandwidth is bigger, it might be useful to employ red components, faster
(such as VCSELs or RC-LEDs) than the ones working in green, and multilevel modulations
might be avoided.

Figure 18. Received 8-PAM signal after 200 m of PMMA-SI-POF, with LED non-linearity compensation and adaptive
equalization. Net data rate of 100 Mb/s. Courtesy of the authors of [11].

3.2.3. 1 Gb/s transmission

1 Gb/s transmission over PMMA-SI-POF experiences huge bandwidth limitations, and there
is no other chance than using red components and strong equalization. The best results
available in literature are due to the POF-PLUS European Project [13], in which it has been
shown that in this case complex modulation formats do not give significant advantage with
respect to OOK when already equalization is adopted. In [14] it has been shown that with a
RC-LED OOK modulated and proper equalization and error correction it is possible to ob‐
tain a system overcoming 50 m (75 m with no margin have been obtained). Some little addi‐
tional margin has been shown in [15] adopting duobinary modulation, a multilevel
modulation that has a more complex theoretical background but an easier implementation,
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with the current electronic capabilities, than PAM, and is feasible with low cost components.
Transmissions over 100 m have been achieved using an edge-emitting laser with an output
power of +6 dBm, but such a system cannot be acceptable for practical systems since not
eye-safe.

A standardization process is currently going on inside the VDE/DKE initiative, for standard‐
izing 1 Gb/s systems. Since adopting lasers at the transmitter side becomes of interest at this
bit rate, then exploiting at most their linearity makes sense, and in fact a solution that adopts
Discrete Multi-Tone (DMT) with PAM that adjusts the speed according to the channel per‐
formances is currently under investigation [16]: as previously mentioned, PAM vs OOK
does not give significant advantages in terms of maximum distance, but in conjunction with
DMT inserts in the system rate-adaption capabilities.

3.3. What about WDM over PMMA-SI-POF?

Wavelength Division Multiplexing (WDM) is a very common multiplexing technique adopt‐
ed for high capacity optical communications with glass fibers; it might appear as an interest‐
ing chance with POF as well, but actually it is not a practical solution [17] for high-speed or
long-distance applications for the following reasons:

• Array Waveguides (AVG), Mach-Zehender Interferometers (MZI) or Fiber Bragg Gratings
(FBG) cannot be used with multimode fibers, so dense wavelength filtering is not possi‐
ble;

• Red, Green and Blue (RGB) multiplexing is possible but no integrated wavelength splitter
exists; experimental units with high insertion losses (5 dB), but in absence of in-line am‐
plifiers this consistently reduces the distance.

• The different performances in terms of attenuation and speed of the components in the
three transmission windows would make RGB WDM systems very unbalanced.

In turn, it is possible to say that RGB WDM on PMMA-SI-POF is of interest when low aggre‐
gate speeds and short distances are requested; in particular, video systems or medical appli‐
cations could take advantage of such a technology.

When requiring high speeds and longer distances, the parallel optics approach can be a via‐
ble solution, for example for optical interconnects applications [18].

4. Sensing with PMMA-SI-POF

The peculiar characteristics of plastic optical fibers have attracted also the interest in sensing
applications, and especially for measuring physical quantities in structural health monitor‐
ing [19]. Indeed, using multimode PMMA-SIPOF it is possible to realize fiber based sensing
systems that balance costs and performances, since this type of fibers does not require com‐
plex machines for splicing and polishing, and makes use of simpler connectors and of visi‐
ble LED sources. Although several sensing techniques have been described in the literature
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(and some are described in other chapters of this book), PMMA-SI-POF are best suited for
the development of sensors that exploit the variation of the received light intensity with the
quantity under measurement, which are the so-called intensiometric sensors, and in this
paragraph we will address this technique only.

Typical PMMA-SI-POF intensiometric sensors are based on the variation of: (i) the propaga‐
tion loss along the fiber (either for local microbending, as for example in [20] and [21], or in
distributed form, as in [22]); (ii) the light collected after a free space propagation (as in [23],
[24], and [25]); (iii) the interaction through evanescent field tails (as in [26], [27] and [28]).
The first two approaches are most often used to measure physical quantities like displace‐
ments, vibrations and acceleration, whereas the latter for detecting chemicals.

Intensiometric sensors are conceptually very simple – hence the low cost – because their im‐
plementation in principle requires just an LED source and a receiver that acts as a power
meter. They are, however, very sensitive to disturbances since any fluctuation in the re‐
ceived power (e.g. due to fluctuations in the source or to fiber degradations) is indistin‐
guishable from actual changes in the quantity under measurement. This sensitivity to
parasitic quantities is particularly relevant for long-term monitoring of slowly changing
quantities, so in these cases proper compensation techniques using reference sensors [29], or
more complex interrogation schemes with signals at different wavelengths [30], must be
considered.

Limiting our analysis to the sensors used to measure static or dynamic displacements (vibra‐
tions), one of the simplest intensiometric sensors can be realized by facing two fibers along a
common axis as in Figure 19. The displacement is measured by exploiting the change of the
received power with the separation between the two fiber tips due to the beam divergence
form the transmitting fiber (Figure 19 - right). This principle of operation has also been ap‐
plied in early realizations with glass fibers, but with limitations in the measurement range,
unless fiber bundles are used. Despite the simplicity, such a transducer, made using stand‐
ard step-index 1 mm plastic fibers, has been successfully used to develop a sensing system
with working range and accuracy within the typical specifications required for long term
crack monitoring in cultural heritage preservation applications [23], [29]. In this case the use
of PMMA-SI-POF allowed having most of the advantages of fiber sensors, and above all the
impossibility to start fires, without the usual costs and complexities, both in terms of manu‐
facturing and deployment.

Given the propagation loss in plastic optical fibers and the free space attenuation, the dis‐
tance between the sensor and the interrogators is limited to some tens of meters, but this is
typically enough to allow placing the electronics in a remote and safe place. Moreover, if un‐
jacketed fibers are used, the visual impact is dramatically reduced, making the sensing sys‐
tem almost invisible.

An example of the results obtained with sensors arranged as in Figure 19 is shown in Figure
20, where a picture of a sensor mounted across a crack and the readings for a period of 18
months are reported. The data in Figure 20-right are corrected to compensate for the envi‐
ronmental parasitic effects using a “null” (reference) sensor, as reported in [29]. The null
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sensor is a sensor identical to the others but not fixed to edges of the crack under measure.
This is an approach common to most types of the sensors and is effective provided that the
reference sensor is exposed to the same kind of disturbances as the measuring sensor; so for
meaningful readings, particular care must be devoted to ensure that the two sensors are ex‐
posed to the same parasitic phenomena (e.g. temperature, stray light, bending, etc.). The
strict correlation between seasonal temperature fluctuations and the crack opening/closing
are quite evident from the reported plots.

Figure 19. Schematic representation of a POF displacement sensor working in transmission mode (left) and the re‐
ceived power against distance curve (right).

Figure 20. Example of practical POF displacement sensor arranged as in Figure 1 (left), and of the readings of a crack
evolution for 18 months, after proper compensation with the null sensor technique as in [11] (right).

A variation of the same working principle is reported in Figure 21, where the light is collect‐
ed by the receiving fiber after reflection from a target. This configuration can be reduced to
the previous one working in transmission mode by considering an image receiving fiber
positioned at a double distance and with a lateral offset. The transducer response curve can
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common axis as in Figure 19. The displacement is measured by exploiting the change of the
received power with the separation between the two fiber tips due to the beam divergence
form the transmitting fiber (Figure 19 - right). This principle of operation has also been ap‐
plied in early realizations with glass fibers, but with limitations in the measurement range,
unless fiber bundles are used. Despite the simplicity, such a transducer, made using stand‐
ard step-index 1 mm plastic fibers, has been successfully used to develop a sensing system
with working range and accuracy within the typical specifications required for long term
crack monitoring in cultural heritage preservation applications [23], [29]. In this case the use
of PMMA-SI-POF allowed having most of the advantages of fiber sensors, and above all the
impossibility to start fires, without the usual costs and complexities, both in terms of manu‐
facturing and deployment.

Given the propagation loss in plastic optical fibers and the free space attenuation, the dis‐
tance between the sensor and the interrogators is limited to some tens of meters, but this is
typically enough to allow placing the electronics in a remote and safe place. Moreover, if un‐
jacketed fibers are used, the visual impact is dramatically reduced, making the sensing sys‐
tem almost invisible.

An example of the results obtained with sensors arranged as in Figure 19 is shown in Figure
20, where a picture of a sensor mounted across a crack and the readings for a period of 18
months are reported. The data in Figure 20-right are corrected to compensate for the envi‐
ronmental parasitic effects using a “null” (reference) sensor, as reported in [29]. The null
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sensor is a sensor identical to the others but not fixed to edges of the crack under measure.
This is an approach common to most types of the sensors and is effective provided that the
reference sensor is exposed to the same kind of disturbances as the measuring sensor; so for
meaningful readings, particular care must be devoted to ensure that the two sensors are ex‐
posed to the same parasitic phenomena (e.g. temperature, stray light, bending, etc.). The
strict correlation between seasonal temperature fluctuations and the crack opening/closing
are quite evident from the reported plots.

Figure 19. Schematic representation of a POF displacement sensor working in transmission mode (left) and the re‐
ceived power against distance curve (right).

Figure 20. Example of practical POF displacement sensor arranged as in Figure 1 (left), and of the readings of a crack
evolution for 18 months, after proper compensation with the null sensor technique as in [11] (right).

A variation of the same working principle is reported in Figure 21, where the light is collect‐
ed by the receiving fiber after reflection from a target. This configuration can be reduced to
the previous one working in transmission mode by considering an image receiving fiber
positioned at a double distance and with a lateral offset. The transducer response curve can
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be modified by changing the sensor geometry (e.g. fiber diameters and separation), but, in
any case, it exhibits a maximum that identifies two working regions. The leftmost part of the
curve, which is characterized by higher sensitivity, though in a reduced working range, can
be used to measure extremely small displacements, such as in high frequency vibrations;
however, it requires positioning the sensing head very close to the target. For this reason, in
most cases the sensor is arranged to operate exploiting the rightmost part of the curve. This
type of sensor can be used both to measure displacements and for non-contact distance
measurements.

Figure 21. Schematic representation of a POF displacement sensor working in reflection mode (left) and the received
power against distance curve (right).

An example of the use to measure displacements is an evolution of the crack monitoring
system already shown in Figure 20. Indeed, using the reflection based sensor configuration
it has been possible to develop compact transducers having the fiber connections on one
side only, as depicted in Figure 4. These new sensors are currently used in a monitoing net‐
work deployed inside the chapel hosting the Holy Shroud of Turin in the framework of the
Guarini’s Project [31], a pilot project devoted to develop new technologies to support the re‐
storation works after the fire that destroyed the Chapel in 1997. In this particular application
the POF sensors are integrated within a wireless network to take advantages of both tech‐
nologies.

Figure 22. Picture of a crack evolution POF sensor using the principle sketched in Figure 3 (left) and example of appli‐
cation in the Guarini Chapel to monitor a crack on a marble statue in a quite dusty environment (right) [13].
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The reflection-based sensor configuration is also particularly well suited for the application
of a dual-wavelength compensation technique, which turned out to be much more effective
than the null sensor one, though slightly more complex to implement because it requires a
dichroic mirror to be inserted in the setup sketched in Figure 22[30]. In this case two signals,
at two different wavelengths, are coupled inside the transmitting fiber, then the reference
signal is reflected at the fiber tip by a dichroic mirror, while the other wavelength is reflect‐
ed by the target. This way, the two signals share the same path, hence the same perturba‐
tions, except for the sensing region. As for the use in non-contact distance measurements, it
is important to highlight that the sensor response depends also on terms that cannot be cal‐
culated through theoretical models or may change in time, such as the target reflectivity, so
they require continuous characterizations and subsequent calibrations. A sensor for static
non-contact distance measurements with response independent from reflectivity changes
has been studied in [32], while a calibration technique particularly effective in vibration
tests, including cases when the surface has non-uniform reflectivity or non-flat profile, is
presented in [33]. An example of a possible application is the mapping of the vibration am‐
plitudes of a printed circuit board under vibration tests. An example of the system setup is
pictured in Figure 23.

Recent developments of PMMA-SI-POF displacement sensors include the realization of a
possible replacement of conventional crack gage based on sliding plates to measure crack
evolutions in two dimensions [34].

Figure 23. Picture of non-contact system for the mapping of the vibration amplitudes of printed circuit boards under
vibration tests using the procedure described in [15].

5. Conclusions

In this chapter we have given a general overview of the most interesting applications of op‐
tical fibers made of PolyMethylMethAcrylate material, with a core diameter of 980 μm and
with Step-Index profile. We have shown that, given the fact that the communication per‐
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system already shown in Figure 20. Indeed, using the reflection based sensor configuration
it has been possible to develop compact transducers having the fiber connections on one
side only, as depicted in Figure 4. These new sensors are currently used in a monitoing net‐
work deployed inside the chapel hosting the Holy Shroud of Turin in the framework of the
Guarini’s Project [31], a pilot project devoted to develop new technologies to support the re‐
storation works after the fire that destroyed the Chapel in 1997. In this particular application
the POF sensors are integrated within a wireless network to take advantages of both tech‐
nologies.

Figure 22. Picture of a crack evolution POF sensor using the principle sketched in Figure 3 (left) and example of appli‐
cation in the Guarini Chapel to monitor a crack on a marble statue in a quite dusty environment (right) [13].
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is important to highlight that the sensor response depends also on terms that cannot be cal‐
culated through theoretical models or may change in time, such as the target reflectivity, so
they require continuous characterizations and subsequent calibrations. A sensor for static
non-contact distance measurements with response independent from reflectivity changes
has been studied in [32], while a calibration technique particularly effective in vibration
tests, including cases when the surface has non-uniform reflectivity or non-flat profile, is
presented in [33]. An example of a possible application is the mapping of the vibration am‐
plitudes of a printed circuit board under vibration tests. An example of the system setup is
pictured in Figure 23.

Recent developments of PMMA-SI-POF displacement sensors include the realization of a
possible replacement of conventional crack gage based on sliding plates to measure crack
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In this chapter we have given a general overview of the most interesting applications of op‐
tical fibers made of PolyMethylMethAcrylate material, with a core diameter of 980 μm and
with Step-Index profile. We have shown that, given the fact that the communication per‐
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formances are orders of magnitude lower than the ones of the more common single-mode
glass fibers, PMMA-SI-POF can address interesting niche markets such as automobile enter‐
tainment, local networking, sensing, provided that some complexity is added to the electri‐
cal part of the system, while the rules of optical propagation remain unchanged with respect
to more common, yet more powerful, optical fibers.
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1. Introduction

We live in an era of technological revolutions that continue to impact our lives and constantly
redefine the breath of our social interactions. The past century has witnessed many techno‐
logical breakthroughs, one of which is fibre optics. Due to the advantages of non-electromag‐
netic, light weight, flexibility, low-loss and high temperature tolerance, optical fibre gratings
have been become one of the most important components in optical communications and
optical sensing [1-7].

Fibre gratings are broadly classified into fibre Bragg gratings (FBGs) and long-period gratings
(LPGs). The period of an FBG is approximately half a micrometer whereas the period of an
LPG is typically several hundred micrometers. From the conventional coupled-mode theory,
in an FBG the guided mode will be coupled to the corresponding backward mode [2, 3].
Contrary to the contradirectional coupling in FBGs, LPGs induce codirectional coupling in an
optical fibre where the guided mode will be coupled to the cladding modes when the difference
of their propagation constants is equal to the corresponding spatial frequency. FBGs have been
demonstrated to measure a wide range of physical parameters including temperature, strain,
pressure, loading, bending and vibration [6, 7]. LPGs, as core to cladding modes forward-
coupling devices, have been used as band-rejection filters, Erbium-doped fibre amplifier
(EDFA) gain flatteners and as optical sensors to monitor strain, temperature, bending and
surrounding-medium refractive index (SRI). Radiation-mode out coupling from tilted fibre
gratings (TFGs) has also been demonstrated for applications in wavelength-division-multi‐
plexing (WDM) channel monitoring, gain flattening of EDFAs, polarisation discrimination,
and optical sensor interrogation [8].

In recent years, with the advancement in UV-inscription technology and the drive from the
various new fibres, a variety of in-fibre gratings have been investigated and developed,
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We live in an era of technological revolutions that continue to impact our lives and constantly
redefine the breath of our social interactions. The past century has witnessed many techno‐
logical breakthroughs, one of which is fibre optics. Due to the advantages of non-electromag‐
netic, light weight, flexibility, low-loss and high temperature tolerance, optical fibre gratings
have been become one of the most important components in optical communications and
optical sensing [1-7].

Fibre gratings are broadly classified into fibre Bragg gratings (FBGs) and long-period gratings
(LPGs). The period of an FBG is approximately half a micrometer whereas the period of an
LPG is typically several hundred micrometers. From the conventional coupled-mode theory,
in an FBG the guided mode will be coupled to the corresponding backward mode [2, 3].
Contrary to the contradirectional coupling in FBGs, LPGs induce codirectional coupling in an
optical fibre where the guided mode will be coupled to the cladding modes when the difference
of their propagation constants is equal to the corresponding spatial frequency. FBGs have been
demonstrated to measure a wide range of physical parameters including temperature, strain,
pressure, loading, bending and vibration [6, 7]. LPGs, as core to cladding modes forward-
coupling devices, have been used as band-rejection filters, Erbium-doped fibre amplifier
(EDFA) gain flatteners and as optical sensors to monitor strain, temperature, bending and
surrounding-medium refractive index (SRI). Radiation-mode out coupling from tilted fibre
gratings (TFGs) has also been demonstrated for applications in wavelength-division-multi‐
plexing (WDM) channel monitoring, gain flattening of EDFAs, polarisation discrimination,
and optical sensor interrogation [8].

In recent years, with the advancement in UV-inscription technology and the drive from the
various new fibres, a variety of in-fibre gratings have been investigated and developed,
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generating many smart device functionalities for applications in chemical detection, biosens‐
ing, bioengineering, environmental monitoring, medical science and health care.

This chapter is constructed as follows. In section 2, we give an overview of the optical fibre
grating theories, including the mode coupling mechanism and phase matching condition. In
Section 3, we present the fibre grating fabrication techniques. In section 4, we demonstrate
several grating based optical fibre sensors for chemical and biosensing. Finally, a conclusion
ends this chapter.

2. Theory of the optical fibre gratings

2.1. Coupled-mode theory

The coupled-mode theory is a basic theory for obtaining quantitative information about the
diffraction efficiency and spectral dependence of optical fibre gratings. The derivation of the
coupled-mode theory will not be provided, as it was detailed by Yariv and Kogelnik [1, 9].
Here the coupled-mode theory is briefly discussed following the work by Erdogan [3, 10].

The transverse component of the electric field in the ideal-mode approximation to coupled-
mode theory can be written as a superposition of the ideal modes where the modes are in an
ideal waveguide with no grating perturbation

( , , ) ( )exp( ) ( )exp( ) ( , )t j j j j jt
j

E x y z A z i z B z i z e x yb bé ù= + - ×ë ûå
v v

(1)

where the coefficients Aj(z) and Bj(z) are the slowly varying amplitudes of the jth mode
traveling in the +z and -z directions, respectively. e⇀ jt(x, y)is the transverse mode field, which
might describe a bound-core, cladding or radiation mode. The propagation constant β is simply

2
effnpb

l
= (2)

Where neff is effective index of jth mode. The presence of a dielectric perturbation will cause
the coupling between the modes. The amplitudes Aj(z) and Bj(z) of the jth mode then evolve
along the z direction according to

( )
( )exp[ ( ) ] ( )exp[ ( ) ]j t z t z

k kj kj k j k kj kj k j
k k

dA z
i A K K i z i B K K i z

dz
b b b b= + - + - - +å å (3)

( )
( )exp[ ( ) ] ( )exp[ ( ) ]j t z t z

k kj kj k j k kj kj k j
k k

dB z
i A K K i z i B K K i z

dz
b b b b= - - + - + - -å å (4)

Current Developments in Optical Fiber Technology206

The transverse coupling coefficient between j and k modes in the above equations is

*( ) ( , , ) ( , ) ( , )
4

t t t
kj k jK z x y z e x y e x y dxdyw e

¥

é ù= D ×ë ûòò
v v

(5)

The longitudinal coefficient Kkj
z(z) is analogous to Kkj

t (z), but for fibre modes Kkj
z(z) is usually

neglected since Kkj
z(z) < < Kkj

t (z). In (5), Δε(x, y, z) is the permittivity perturbation, for δneff <
<neff, which is approximately

( , , ) 2 ( , , )eff effx y z n n x y ze dD = (6)

In an ideal waveguide situation where no perturbation exists (Δε=0), the coupling coefficient
Kkj

t (z)=0, then the transverse modes are orthogonal and do not exchange energy.

Exposing photosensitive fibre to a spatially varying pattern of UV-light produces the refractive
index change δneff(z)

2( ) ( ) 1 cos ( )effeffn z n z z zpd d u j
é ùæ ö

= + +ê úç ÷Lè øë û
(7)

where υ is the fringe visibility of the index change, Λ is the grating period, Φ(z) describes the
grating chirp, and δn̄eff (z) is the “dc” index change spatially averaged over a grating period,
or the slowly varying envelope of the grating.

In most fibre gratings the UV-induced index change δneff(x, y, z) is approximately uniform
across the core and nonexistent outside the core. Thus the core index change can be described
by an expression similar to (7) with δn̄eff (z) replaced by δn̄co(z).

Thus, with (6) and (7), the general coupling coefficient (5) may now be written

2( ) ( ) 2 ( )cos ( )t
kj kj kjK z z z z zps k jé ù

= + +ê úLë û
(8)

where δ is defined as a “dc” coupling coefficient and κ is an “ac” coupling coefficient
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( ) ( )
2kj kjz zuk s= (10)

2.1.1. Backward mode coupling

For  the  backward  mode  coupling,  the  dominant  interaction  is  near  the  wavelength  for
which reflection occurs from a mode of amplitude A(z) to an identical counter-propagat‐
ing mode of amplitude B(z).  Under such conditions (3) and (4) can be simplified to the
following equations [3]

ˆ ( ) ( )dR i R z i S z
dz

s k= + (11)

*ˆ ( ) ( )dS i S z i R z
dz

s k= - - (12)

where the amplitudes R and S  are
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2
zS z B z i z jdæ ö

= - +ç ÷
è ø

(14)

In equations (11) and (12), κ is the “ac” coupling coefficient and σ̂ is the general “dc” self-
coupling coefficient defined as

1 ( )ˆ
2

d z
dz
js d s= + - (15)

with δ being the detuning, which is independent of z and is defined to be

1 12d eff
d

npd b b b p
l l
é ù

= - = - = -ê ú
L ê úë û

(16)

here λd =2neff Λ is the “design wavelength” for Bragg scattering by an infinitesimally weak
grating ( δneff →0).
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For a single-mode Bragg grating, there are the following simplified relations

2
effnps d

l
= (17)

*
effnpk k ud

l
= = (18)

If the grating is uniform along z direction, then δn̄eff  is constant and dφ(z) / dz =0 which means
no grating chirp. Thus κ, σ, and σ̂ are constants. This simplifies (11) and (12) into coupled first-
order ordinary differential equations with constant coefficients. The closed-form solutions may
be found when appropriate boundary conditions are specified.

2.1.2. Forward mode coupling

For the forward mode coupling, close to the wavelength for which a forward- propagating
mode of amplitude A1(z) is strongly coupled into a co-propagating mode with amplitude
A2(z), (3) and (4) may be modified by retaining the terms that involve the amplitudes of these
two modes and making the usual synchronous approximation

ˆ ( ) ( )dR i R z i S z
dz

s k= + (19)

*ˆ ( ) ( )dS i S z i R z
dz

s k= - + (20)

where the new amplitudes R and S  are
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2 11 22( ) exp ( ) exp( )
2 2
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(22)

In above equations, σ11 and σ22 are “dc” coupling coefficients defined in (9), κ =κ21 =κ12
*  is the

“ac” cross-coupling coefficient from (10) and σ̂ is a general “dc” self-coupling coefficient now
defined as
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When the detuning δ is assumed to be constant along the z axis, it becomes
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where again λd =Δneff Λ is the “design wavelength” for a grating approaching zero index
modulation. In the case of Bragg gratings, δ =0, or λ =λd =Δneff Λ, corresponds to the grating
condition.

For a uniform forward-coupled grating, σ̂ and κ are constants. In contrast to the single-mode
Bragg grating, here the coupling coefficient κ generally may not be written simply as in (18)
and must be evaluated numerically. As the case of the FBG, the forward-coupled grating
equations (19) and (20) are coupled first-order ordinary differential equations with constant
coefficients. Thus when the appropriate boundary conditions are given, the closed form
solutions can be found.

2.2. Phase-matching condition

If the perturbation exists in the fibre, the bound-wave can be coupled to the counter-propa‐
gating or co-propagating modes. Based on the direction of the mode coupling, fibre gratings
may be classified in two types. One type is a backward-coupled grating which couples light
to opposite directions. FBGs of normal and small-tilt uniform and chirped structures belong
to this type. The other category is a forward-coupled grating, represented by LPGs and FBGs
with largely tilted structures, where coupling occurs between the same directional modes.

For the coupled modes, the phase mismatch factor Δβ is referred as a detuning

2 cosi d
g

Npb b b qD = ± -
L (25)

where βI and βd are the propagation constants for the incident and diffracted modes, respec‐
tively, Λg is the period of the grating, θ is the grating tilt angle and N represents an integer
number. It is noteworthy that the “ ± ” sign describes the case wherein the mode propagates
in the ∓ z direction.

When the phase-matching condition satisfied ∆β=0, (25) becomes
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2 cosi d
g

pb b q± =
L (26)

If both βI and βd have identical signs, then the phase will be matched for counter- propagating
modes; if they have opposite signs, then the interaction is between co-propagating modes. In
most cases, first-order diffraction is dominant, hence N is assumed to be unity [1].

The resonant wavelength should be satisfied

( )
cos

geff eff
i dn nl

q

L
= ± (27)

2.2.1. Fibre Bragg gratings

In the case of backward-coupling (Fig. 1), represented by normal FBG (θ=0o), the Bragg
wavelength of the core mode is given by

2B effnl = L (28)

where neff  is the effective index of the core.

Figure 1. Schematic of a contradirectional mode coupling for FBG.

2.2.2. Long-period gratings

In the case of forward-coupling, represented by LPG (Fig. 2), the resonant wavelength for
coupling between the core and cladding modes satisfy

,( )eff eff
res co cl mn nl = - ×L (29)

where nco
eff  and ncl ,m

eff  are the effective indices of the core and the mth cladding mode, respec‐
tively.

The differences between core and cladding mode effective indices are much smaller than unity,
hence the grating period for a forward-coupled grating at a given wavelength is much larger
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than that of a backward-coupled grating. Typically, LPG periods are hundreds of microns,
whereas the period of FBG is less than a micron [11, 12].

Figure 2. Schematic of a codirectional mode coupling for an LPG.

2.2.3. Tilted fibre gratings

In the case of tilted gratings, as shown in Fig. 3, the mode coupling becomes more complex.
The resonant wavelengths are [8, 13]

,( )
cos

geff eff
co cl co cl mn nl

q-

L
= ± × (30)

where nco
eff  and ncl ,m

eff , respectively, are the effective indices of core and the mth cladding mode.

The grating period along the fibre axis is simply

cos
g

q

L
L = (31)

Figure 3. Schematic diagram of tilted grating in fibre core.

In equation (30), the sign of “+” and “-” describe the case wherein the mode propagates in -z
or +z direction, relating to the grating tilt angle θ and then the backward- and forward- coupled
TFG, respectively.

Mode coupling in a TFG can be understood by analysis of the phase-matching conditions as
shown in Fig. 4(a). The strongest coupling takes place at the phase-matching condition

R co GK K K= +
v v v

(32)
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where K
⇀

R, K
⇀

co and K
⇀

G are wave vectors of the radiated light, core mode and grating itself,
respectively. Because the refractive indices of the core and the cladding are very close, in
general we may neglect the amplitude difference between K

⇀
Rand K

⇀
co.

Figure 4. (a) Phase-matching conditions. (b) Mode coupling regimes for TFGs with tilt angles θ <, =, and >45°.

The direction of the coupled light depends on the tilt angle of the grating structure. As shown
in Fig. 4(b), if the grating’s tilt angle θ <45° (i.e. the radiation angle δ is an obtuse angle), the
core mode will be coupled to the backward-propagating direction; if the grating angle θ>45°
(δ is an acute angle), the core light can be coupled to the forward-propagating direction; if the
θ=45° (δ=90°), all the phase matched light will be completely radiated out of the fibre. However,
due to the total internal reflection effect at the cladding boundary, the coupled light by the
TFG will exist in two different ranges: in one case the light radiated out of the core will be
confined and propagates in the cladding; in the other case the light will not be bound by the
cladding and will be tapped out from the side of the fibre. The range for radiation mode
coupling depends on the critical angle, which is defined as

1

2
arcsinc

n
n

a = (33)

where n1 and n2 are refractive indices of the surrounding-medium and cladding, respectively.
If the fibre is surrounded by air (n1~1.0), the critical angle αc=43.8°. If the surrounding-medium
changes to the water (n1~1.33), the critical angle αc=67.0°.

If we define the incident angle as φ, shown in Fig. 4(a), for the light phase matched and radiated
out of the core to the cladding /surrounding-medium boundary, φ is related to the grating tilt
angle θ by φ=|2θ-π/2|. If φ <αc, the radiation mode coupling range will be given by θ1c <θ
<θ2c can be calculated as

θ1c =
1
2 ( π

2 −αc) θ2c =
1
2 ( π

2 + αc) (34)
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The resonant wavelengths are [8, 13]
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Figure 3. Schematic diagram of tilted grating in fibre core.

In equation (30), the sign of “+” and “-” describe the case wherein the mode propagates in -z
or +z direction, relating to the grating tilt angle θ and then the backward- and forward- coupled
TFG, respectively.

Mode coupling in a TFG can be understood by analysis of the phase-matching conditions as
shown in Fig. 4(a). The strongest coupling takes place at the phase-matching condition

R co GK K K= +
v v v

(32)

Current Developments in Optical Fiber Technology212

where K
⇀

R, K
⇀

co and K
⇀

G are wave vectors of the radiated light, core mode and grating itself,
respectively. Because the refractive indices of the core and the cladding are very close, in
general we may neglect the amplitude difference between K
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Figure 4. (a) Phase-matching conditions. (b) Mode coupling regimes for TFGs with tilt angles θ <, =, and >45°.

The direction of the coupled light depends on the tilt angle of the grating structure. As shown
in Fig. 4(b), if the grating’s tilt angle θ <45° (i.e. the radiation angle δ is an obtuse angle), the
core mode will be coupled to the backward-propagating direction; if the grating angle θ>45°
(δ is an acute angle), the core light can be coupled to the forward-propagating direction; if the
θ=45° (δ=90°), all the phase matched light will be completely radiated out of the fibre. However,
due to the total internal reflection effect at the cladding boundary, the coupled light by the
TFG will exist in two different ranges: in one case the light radiated out of the core will be
confined and propagates in the cladding; in the other case the light will not be bound by the
cladding and will be tapped out from the side of the fibre. The range for radiation mode
coupling depends on the critical angle, which is defined as
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where n1 and n2 are refractive indices of the surrounding-medium and cladding, respectively.
If the fibre is surrounded by air (n1~1.0), the critical angle αc=43.8°. If the surrounding-medium
changes to the water (n1~1.33), the critical angle αc=67.0°.

If we define the incident angle as φ, shown in Fig. 4(a), for the light phase matched and radiated
out of the core to the cladding /surrounding-medium boundary, φ is related to the grating tilt
angle θ by φ=|2θ-π/2|. If φ <αc, the radiation mode coupling range will be given by θ1c <θ
<θ2c can be calculated as
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We have calculated this range to be 23.1°~66.9° in air and 11.5°~78.5° in water surrounding-
medium. Within this range, the light will not be confined by the cladding and will radiate from
the fibre. Below or beyond this range, the light will be coupled to the backward- or forward-
propagating cladding modes, respectively, and be bound within the fibre.

3. Grating fabrication techniques

The fibre grating fabrication techniques may be classified to three main categories: two-beam
holographic, phase mask and point-by-point techniques. Each technique has its merits and
limitations and will be employed according to the specification requirement of the gratings to
be fabricated.

3.1. Two-beam holographic technique

Fig. 5 shows the two-beam holographic UV-inscription system. The UV-beam is split into two
with equivalent power when it passes through a 50:50 beam splitter. The two beams are then
reflected by highly reflective mirrors M1 and M2 to meet on to the same section of the photo‐
sensitive fibre to produce the interfering fringes. A beam expanding telescope system consist‐
ing of two cylindrical lenses (C and D), where df=CD-(fc+fd)=0, is inserted into the optical path
to expand the width of UV Gaussian beam, and thus the length of the two-beam interference
pattern on the forthcoming meet at point O. Two cylindrical lenses (F1 and F2) are employed
to focus the beams to the fibre core with enhanced power intensity.

Figure 5. Two-beam holographic FBG inscription system.

The major advantage of the two-beam holographic method is the ability to write gratings with
arbitrarily selected wavelengths simply by adjusting the angle (2α) between the two beams
[14]. Limited by the range of the optical spectrum analyser (OSA) and the light source, the
gratings fabricated are normally in the range of 750nm to 2000nm.
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3.2. Phase-mask technique

The phase-mask technique, based on near-contact UV-beam scanning a phase mask, is one of
the most effective techniques for reproducible FBG inscription.

The grating written by phase mask technique has a period of
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where ΛPM is the period of the phase mask. The Bragg wavelength is then given by [3]

2B eff eff PMn nl = L = L (36)

The phase mask is a corrugated grating etched in a silica substrate produced by high resolution
lithography. Important features in a phase mask are the period of the etched grooves and the
etch depth. With normal incidence, the UV-radiation is diffracted into several orders, m=0, ±1,
±2… The commercial phase masks have been optimized to achieve 0-order suppression of <5%
and ~40% transmission in each of the ±1 diffracted orders. The superposition of ±1 diffraction
orders, in the proximity of the surface of the phase mask, produces an interference pattern that
can be used for writing FBGs.

Figure 6. Fibre grating inscription by UV-beam scanning across a phase mask.

As shown in Fig. 6, a cylindrical lens with a focal length f1 is added before phase mask and
focuses the UV-irradiation to the fibre core with increased intensity in one dimension in the
beam-fibre plane. Very uniform index modulation can be achieved by the phase mask method.
Fig. 7(a) shows the image of the fringe structure inscribed in the fibre core using the phase
mask method. The image was examined and measured by use of the Axioskop2 mot plus
microscope (Carl Zeiss) in conjunction with Axio vision Cameras &Framegrabbers system with
high magnification. Fig. 7(b) shows the typical transmission spectra for a uniform FBG
fabricated by the phase mask technique. The grating is 5mm long and is designed to reflect
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The major advantage of the two-beam holographic method is the ability to write gratings with
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3.2. Phase-mask technique

The phase-mask technique, based on near-contact UV-beam scanning a phase mask, is one of
the most effective techniques for reproducible FBG inscription.
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The phase mask is a corrugated grating etched in a silica substrate produced by high resolution
lithography. Important features in a phase mask are the period of the etched grooves and the
etch depth. With normal incidence, the UV-radiation is diffracted into several orders, m=0, ±1,
±2… The commercial phase masks have been optimized to achieve 0-order suppression of <5%
and ~40% transmission in each of the ±1 diffracted orders. The superposition of ±1 diffraction
orders, in the proximity of the surface of the phase mask, produces an interference pattern that
can be used for writing FBGs.

Figure 6. Fibre grating inscription by UV-beam scanning across a phase mask.

As shown in Fig. 6, a cylindrical lens with a focal length f1 is added before phase mask and
focuses the UV-irradiation to the fibre core with increased intensity in one dimension in the
beam-fibre plane. Very uniform index modulation can be achieved by the phase mask method.
Fig. 7(a) shows the image of the fringe structure inscribed in the fibre core using the phase
mask method. The image was examined and measured by use of the Axioskop2 mot plus
microscope (Carl Zeiss) in conjunction with Axio vision Cameras &Framegrabbers system with
high magnification. Fig. 7(b) shows the typical transmission spectra for a uniform FBG
fabricated by the phase mask technique. The grating is 5mm long and is designed to reflect
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with a Bragg wavelength of 1550nm. The multiple resonances with smaller amplitude on the
short wavelength side of the main Bragg resonance are due to the radiated mode being
reflected at the cladding-air interface and re-entering the core, creating a cylindrical Fabry-
Perot effect.

Besides the distinctive advantage of reproducible grating inscription, a further advantage of
the phase-mask technique is the ability to make high quality, complex grating structures,
including grating arrays, chirped [15-17], apodised [18, 19], phase-shifted [20, 21], Moire [22,
23], sampled [24], and long-length gratings [25]. Of particular relevance to the work presented
in this chapter, the phase-mask method has also been employed to fabricate TFGs with tilted
structures ranging from 0° to 84°. In the phase mask fabrication system, TFGs can be realised
simply by rotating the phase mask with respect to the fibre. Chirped gratings can also been
readily fabricated using a chirped phase mask in this system.

The phase-mask technique, based on near-contact UV-beam scanning a phase mask, is one of the most effective techniques for 

reproducible FBG inscription. 

The grating written by phase mask technique has a period of 
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where ΛPM is the period of the phase mask. The Bragg wavelength is then given by [3]  
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Figure 7. (a) Image of an FBG written by phase mask method (b) The typical transmission profiles of an FBG.

A disadvantage of the phase mask method is the limit to variation of Bragg wavelength, as it
needs a separate phase mask for different wavelength required. The strain-fibre method has
been incorporated into the system to give a 2nm-tuning range to the Bragg wavelength for
each mask.

3.3. Point-by-point technique

The third main grating fabrication technique is the point-by-point technique. Because the
grating is written a point at a time, it is a flexible method to alter the grating parameters, such
as length, periodicity and strength. Limited by the focused spot size of UV-beam, it is difficult
to control translation stage movement accurately enough to write FBG structures which in
general have typical periods of ~0.5μm at 1550nm. Thus, the point-by-point technique is mainly
used to fabricate long-period gratings with periods ranging from 10μm to 600μm.

As shown in Fig. 8(a), the point-by-point inscription system, two cylindrical lenses are added
to focus the writing beam on the fibre to an approximate spot size of 20μm×20μm in z- and y-
dimension and a shutter is computer- programmed to switch on/off with a 50:50 duty cycle to
realise period-by-period print. The system has a great flexibility in fabricating LPGs with
different periods, lengths and strengths. Fig. 8(b) shows the typical transmission spectrum of
an LPG in SMF-28 with a length of 40mm and a periodicity of 380μm made by the point-by-
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point method. The four broad attenuation resonances within 1200~1700nm wavelength range
correspond to coupling to the different cladding modes. The bandwidth of resonances of an
LPG is typically >10nm, much broader than that of an FBG. LPGs are transmission loss type
devices and have been employed for a range of applications in optical communications and
sensing.

3.4. Inscription of tilted fibre gratings

FBGs with tilted structures have their unique device functionalities. This section will present
the fabrication and spectral characterisation of TFGs.

3.4.1. Design principle of TFGs

As illustrated in Fig. 9 the tilted structures can be achieved either (a) by tilting the phase mask
with respect to the fibre in the phase mask inscription system, or (b) by rotation of the fibre
about the axis normal to the plane defined by the two interfering UV beams in the holographic
system.

Figure 9. (a) Phase mask and (b) two-beam holographic techniques for TFG fabrication.

Owing to the cylindrical geometry of the optical fibre, the internal grating angle θint is not the
same as the external phase-mask angle or fibre rotated angle θext. For the phase-mask fabrica‐
tion, the internalgrating angle θint is related to the external phase mask tilt angle θext(the angle
between the mask and the fibre) by the following relationship [26]

 

Fig. 8 (a) Schematic of LPG fabrication using point-by-point technique.  
  (b)  The typical transmission spectrum of an LPG in SMF-28 fibre. 

(a)                      (b) 

Figure 8. (a) Schematic of LPG fabrication using point-by-point technique. (b) The typical transmission spectrum of an
LPG in SMF-28 fibre.
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Figure 7. (a) Image of an FBG written by phase mask method (b) The typical transmission profiles of an FBG.

A disadvantage of the phase mask method is the limit to variation of Bragg wavelength, as it
needs a separate phase mask for different wavelength required. The strain-fibre method has
been incorporated into the system to give a 2nm-tuning range to the Bragg wavelength for
each mask.

3.3. Point-by-point technique

The third main grating fabrication technique is the point-by-point technique. Because the
grating is written a point at a time, it is a flexible method to alter the grating parameters, such
as length, periodicity and strength. Limited by the focused spot size of UV-beam, it is difficult
to control translation stage movement accurately enough to write FBG structures which in
general have typical periods of ~0.5μm at 1550nm. Thus, the point-by-point technique is mainly
used to fabricate long-period gratings with periods ranging from 10μm to 600μm.

As shown in Fig. 8(a), the point-by-point inscription system, two cylindrical lenses are added
to focus the writing beam on the fibre to an approximate spot size of 20μm×20μm in z- and y-
dimension and a shutter is computer- programmed to switch on/off with a 50:50 duty cycle to
realise period-by-period print. The system has a great flexibility in fabricating LPGs with
different periods, lengths and strengths. Fig. 8(b) shows the typical transmission spectrum of
an LPG in SMF-28 with a length of 40mm and a periodicity of 380μm made by the point-by-
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point method. The four broad attenuation resonances within 1200~1700nm wavelength range
correspond to coupling to the different cladding modes. The bandwidth of resonances of an
LPG is typically >10nm, much broader than that of an FBG. LPGs are transmission loss type
devices and have been employed for a range of applications in optical communications and
sensing.

3.4. Inscription of tilted fibre gratings

FBGs with tilted structures have their unique device functionalities. This section will present
the fabrication and spectral characterisation of TFGs.

3.4.1. Design principle of TFGs

As illustrated in Fig. 9 the tilted structures can be achieved either (a) by tilting the phase mask
with respect to the fibre in the phase mask inscription system, or (b) by rotation of the fibre
about the axis normal to the plane defined by the two interfering UV beams in the holographic
system.

Figure 9. (a) Phase mask and (b) two-beam holographic techniques for TFG fabrication.

Owing to the cylindrical geometry of the optical fibre, the internal grating angle θint is not the
same as the external phase-mask angle or fibre rotated angle θext. For the phase-mask fabrica‐
tion, the internalgrating angle θint is related to the external phase mask tilt angle θext(the angle
between the mask and the fibre) by the following relationship [26]
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Figure 8. (a) Schematic of LPG fabrication using point-by-point technique. (b) The typical transmission spectrum of an
LPG in SMF-28 fibre.
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In the case of holographic fabrication, θint can be expressed as [8]
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where α is the half angle between the two interfering beams, θext is the fibre tilt angle.

The comparative study on TFG inscribed by phase mask and holographic method has been
reported in [27], here we main focus on the phase mask fabrication of TFGs. The relationship
of external and internal tilt angles for TFGs written by phase mask method has been depicted
in Fig. 10.

Figure 10. The relationship of the internal angle θint against the external angle θext for TFG.

3.4.2. Unique spectral characteristics of TFGs

One of the unique characteristics of TFGs is the strong polarisation dependent loss (PDL) effect
when the tilt angle becomes large. This property has been implemented as an in-line polar‐
imeter [28] and a PDL equaliser [29, 30]. In addition, a near-ideal in-fibre polariser based on
45°-TFG has been reported by [31, 32], exhibiting a polarisation-extinction ratio higher than
33dB over 100nm range and an achievement of 99.5% degree of polarisation for the unpolarised
light.

It is well known that there are two components of the electric field vector in the plane of
polarisation. The components of the electric field parallel and perpendicular to the incidence
plane are termed p-like and s-like. Light with a p-like electric field is defined to be p-polarised
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whereas light with an s-like electric field is s-polarised. Fig. 11(a) shows the simulated
transmission profiles of both the s- and p- polarised modes after they pass through a TFG. It
is clear that both of two polarised modes show similarly evolving trends although the change
in amplitude for p-polarised mode is more noticeable. The maximum transmission losses for
different tilt angles for s- and p- modes have been simulated and plotted in Fig. 11(b). The
transmission loss reaches minimum when the tilt angle is at 45°. At this critical angle, the loss
of p-mode is eliminated completely and s-mode loss is still noticeably high [32], ie. p-mode is
transmitted and s-mode is completely attenuated.

Fig. 12 Image of 10ºext-TFG in B/Ge fibre (a) and transmission spectra (b).

(a)                     (b)

Figure 12. Image of 10°ext-TFG in B/Ge fibre (a) and transmission spectra (b).

As an example, a photo-induced tilted index modulation is shown in Fig. 12(a). This is θext=10°
tilted grating, the measured internal angle θint is 14.93° which is in a good agreement with the
theoretical result (θint=14.9°) from Equation (37). Fig. 12(b) plots its transmission spectra where
the dense resonances covering 1375-1550nm are caused by the core-cladding coupling and by
the reflection at the cladding-air boundary. The multiple resonances can be removed by
immersing the grating in index-matching gel to simulate an infinite cladding, where the light

Figure 11. (a) The simulated transmission spectra of p- (dashed line) and s-polarised mode (solid line) travelling in the
TFGs with various tilting angles; (b) Transmission losses of s- and p-polarised mode versus tilting angles. (After: [32])
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where α is the half angle between the two interfering beams, θext is the fibre tilt angle.

The comparative study on TFG inscribed by phase mask and holographic method has been
reported in [27], here we main focus on the phase mask fabrication of TFGs. The relationship
of external and internal tilt angles for TFGs written by phase mask method has been depicted
in Fig. 10.

Figure 10. The relationship of the internal angle θint against the external angle θext for TFG.
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imeter [28] and a PDL equaliser [29, 30]. In addition, a near-ideal in-fibre polariser based on
45°-TFG has been reported by [31, 32], exhibiting a polarisation-extinction ratio higher than
33dB over 100nm range and an achievement of 99.5% degree of polarisation for the unpolarised
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It is well known that there are two components of the electric field vector in the plane of
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plane are termed p-like and s-like. Light with a p-like electric field is defined to be p-polarised
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whereas light with an s-like electric field is s-polarised. Fig. 11(a) shows the simulated
transmission profiles of both the s- and p- polarised modes after they pass through a TFG. It
is clear that both of two polarised modes show similarly evolving trends although the change
in amplitude for p-polarised mode is more noticeable. The maximum transmission losses for
different tilt angles for s- and p- modes have been simulated and plotted in Fig. 11(b). The
transmission loss reaches minimum when the tilt angle is at 45°. At this critical angle, the loss
of p-mode is eliminated completely and s-mode loss is still noticeably high [32], ie. p-mode is
transmitted and s-mode is completely attenuated.

Fig. 12 Image of 10ºext-TFG in B/Ge fibre (a) and transmission spectra (b).
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Figure 12. Image of 10°ext-TFG in B/Ge fibre (a) and transmission spectra (b).

As an example, a photo-induced tilted index modulation is shown in Fig. 12(a). This is θext=10°
tilted grating, the measured internal angle θint is 14.93° which is in a good agreement with the
theoretical result (θint=14.9°) from Equation (37). Fig. 12(b) plots its transmission spectra where
the dense resonances covering 1375-1550nm are caused by the core-cladding coupling and by
the reflection at the cladding-air boundary. The multiple resonances can be removed by
immersing the grating in index-matching gel to simulate an infinite cladding, where the light

Figure 11. (a) The simulated transmission spectra of p- (dashed line) and s-polarised mode (solid line) travelling in the
TFGs with various tilting angles; (b) Transmission losses of s- and p-polarised mode versus tilting angles. (After: [32])
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is coupled from the core to radiation modes, thus the dense resonances evolve to a smooth
transmission loss profile.

 

 Fig. 13 Image of 45-TFG (a) and its PDL profile (b).   
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Figure 13. Image of 45°-TFG (a) and its PDL profile (b).

An 45°-TFG was fabricated in Ge-doped photosensitive fibre using the scanning phase mask
technique and 244-nm cw UV laser source. A phase mask with 1.8μm period was used to ensure
the 45°-TFG spectral response fell into near 1550nm region, the phase mask was rotated by
33.3° to induce slanted fringes at 45° within the fibre core. The 45° tilted fringes, shown in Fig.
13(a), were verified by examination with an oil-immersion high-magnification microscope.
Fig. 13(b) shows the PDL of a 25mm-length 45°-TFG, the entire PDL profile is near-Gaussian-
like distribution over ~300nm with the maximum PDL of 26dB at 1520nm [33].

 

Fig. 14 Image of the 81º-TFG (a) and it transmission spectra (b-c). 
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Figure 14. Image of the 81°-TFG (a) and it transmission spectra (b-c).

We fabricated a 10mm long 81°-TFBG in SMF-28 with UV laser scanning the phase mask (with
period of 6.6μm) method. Fig. 14. (a) shows the image of the tilted fringes with a measured
internal angle of 81.98°.

Since the angle 81° >θ2c (=66.9° in the air), the light was coupled to forward-propagating
cladding modes corresponding a series of the resonances with a noticeable paired-peak feature
on the spectra, Fig. 14(b), it may be expected that the highly tilted structures will increase the
birefringence of the fibre, thus resulting in the light coupled to two sets of modes of different
polarisation states. It can be noticed that the strengths of the paired-peaks in Fig. 14(b) are
around 3dB, which suggests that the light may be coupled equally into two sets of birefringence
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modes corresponding to the two orthogonal polarisation states. To confirm this, a polariser
and a polarisation controller were inserted in the measurement system to measure the
transmission spectrum. By varying the polarisation state of the probe light, the strengths of
the paired-peaks varied accordingly with the polarisation of the light. Fig. 14(c) shows the
transmission spectra of one of the paired-peak around 1550nm for random and two orthogo‐
nally polarised states. With random polarisation, both peaks exhibit a ~3dB loss as the light is
coupled equally to the birefringence modes. When the light is switched to either polarisation
state, one resonance grows into its full strength ~7.3dB whereas the other almost disappears.
The polarisation effect induced spectral separation between the paired-peaks is about 6.3nm,
giving an estimated birefringence of ~10-4.

4. Optical fibre grating based chemical and bio- sensors

A key characteristic of optical chemical and bio- sensor design is the sensitivity to, or the change
rate of optical signal as a function of, surrounding chemical and bio- analyte. There has also
been an increasing activity aimed at implementing optical biosensors by exploring the fibre
grating’s response to the change of surrounding-medium refractive index (SRI) [34, 35,
36-38].SRI-sensitive devices have been recently developed by UV-inscribing normal Bragg,
tilted, and long-period structures in standard single, multimode, and D-fibres[39-43]. Appro‐
priate choice of fibre type can provide intrinsic or enhanced SRI sensitivity to grating structures
and allow, in some instances, the realisation of multifunctionality. The fibre grating based RI
sensors can be coated with bioactive materials to interact with certain type of biological agents,
thus become true biosensors with high sensitivity and selectivity [44, 45].

4.1. Refractive index sensing principle of in-fibre gratings

As a core-to-core mode coupling, the light in an FBG is well screened by the cladding,
effectively precluding strong interaction with the surrounding medium. Thus it is intrinsically
insensitive to SRI. Several techniques have been demonstrated to sensitise FBGs, including
polishing and chemical etching the fibres to expose the core to surrounding medium.

In contrast to FBGs, LPGs, as core-cladding mode coupling devices, are intrinsically sensitive
to SRI. Any variation in the core-cladding guiding properties will affect the transmission
characteristics of LPGs, providing an optical signal encoded with the information of external
parameters. LPGs have been used to monitor the physical parameters such as strain, temper‐
ature, load, curvature and with a variety structures for SRI sensing [35, 38].

4.2. Chemical etching technique for sensitisation

The chemical etching technique has been extensively employed to remove the claddings of the
FBG structures, enabling the interaction of the core mode with the surrounding medium
[46-48]. Although LPGs are intrinsically sensitive to SRI, modifying the cladding properties
can further enhance their SRI sensitivity greatly. Chiang et al. reported the enhancement of the
external refractive index sensitivity of an LPG resulting from a small reduction in the cladding
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We fabricated a 10mm long 81°-TFBG in SMF-28 with UV laser scanning the phase mask (with
period of 6.6μm) method. Fig. 14. (a) shows the image of the tilted fringes with a measured
internal angle of 81.98°.

Since the angle 81° >θ2c (=66.9° in the air), the light was coupled to forward-propagating
cladding modes corresponding a series of the resonances with a noticeable paired-peak feature
on the spectra, Fig. 14(b), it may be expected that the highly tilted structures will increase the
birefringence of the fibre, thus resulting in the light coupled to two sets of modes of different
polarisation states. It can be noticed that the strengths of the paired-peaks in Fig. 14(b) are
around 3dB, which suggests that the light may be coupled equally into two sets of birefringence
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modes corresponding to the two orthogonal polarisation states. To confirm this, a polariser
and a polarisation controller were inserted in the measurement system to measure the
transmission spectrum. By varying the polarisation state of the probe light, the strengths of
the paired-peaks varied accordingly with the polarisation of the light. Fig. 14(c) shows the
transmission spectra of one of the paired-peak around 1550nm for random and two orthogo‐
nally polarised states. With random polarisation, both peaks exhibit a ~3dB loss as the light is
coupled equally to the birefringence modes. When the light is switched to either polarisation
state, one resonance grows into its full strength ~7.3dB whereas the other almost disappears.
The polarisation effect induced spectral separation between the paired-peaks is about 6.3nm,
giving an estimated birefringence of ~10-4.

4. Optical fibre grating based chemical and bio- sensors

A key characteristic of optical chemical and bio- sensor design is the sensitivity to, or the change
rate of optical signal as a function of, surrounding chemical and bio- analyte. There has also
been an increasing activity aimed at implementing optical biosensors by exploring the fibre
grating’s response to the change of surrounding-medium refractive index (SRI) [34, 35,
36-38].SRI-sensitive devices have been recently developed by UV-inscribing normal Bragg,
tilted, and long-period structures in standard single, multimode, and D-fibres[39-43]. Appro‐
priate choice of fibre type can provide intrinsic or enhanced SRI sensitivity to grating structures
and allow, in some instances, the realisation of multifunctionality. The fibre grating based RI
sensors can be coated with bioactive materials to interact with certain type of biological agents,
thus become true biosensors with high sensitivity and selectivity [44, 45].

4.1. Refractive index sensing principle of in-fibre gratings

As a core-to-core mode coupling, the light in an FBG is well screened by the cladding,
effectively precluding strong interaction with the surrounding medium. Thus it is intrinsically
insensitive to SRI. Several techniques have been demonstrated to sensitise FBGs, including
polishing and chemical etching the fibres to expose the core to surrounding medium.

In contrast to FBGs, LPGs, as core-cladding mode coupling devices, are intrinsically sensitive
to SRI. Any variation in the core-cladding guiding properties will affect the transmission
characteristics of LPGs, providing an optical signal encoded with the information of external
parameters. LPGs have been used to monitor the physical parameters such as strain, temper‐
ature, load, curvature and with a variety structures for SRI sensing [35, 38].

4.2. Chemical etching technique for sensitisation

The chemical etching technique has been extensively employed to remove the claddings of the
FBG structures, enabling the interaction of the core mode with the surrounding medium
[46-48]. Although LPGs are intrinsically sensitive to SRI, modifying the cladding properties
can further enhance their SRI sensitivity greatly. Chiang et al. reported the enhancement of the
external refractive index sensitivity of an LPG resulting from a small reduction in the cladding
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radius via an HF-etching process [49, 50]. We also employed the HF etching technique to reduce
the thickness of the cladding of LPG devices and have demonstrated effective enhancement
of the SRI sensitivity to these LPG structures.

In order to effectively control the thickness of the fibre gratings, an etching procedure was first
established and the etching rates were investigated for different type fibres using HF acids of
different concentrations. The HF etching technique inevitably suffers from mechanical
reliability since any micro-crack of fibre will be very vulnerable to the HF acid, thus it will
degrade the fibre tensile strength by orders of magnitude [51]. To effectively control the
cladding size of fibre, the etching rate was first evaluated for virgin fibre samples including
standard SMF and D-fibre using HF at 10% concentration. Twenty samples of each type fibre
were immersed in the HF bath and were withdrawn in turn every 10min. The samples with
differently etched claddings were then examined and measured by microscope with high
magnification.

a) 

c) 

d) 

b) 

Figure 15. (a) Etching rates of SMF and D-fibre. (symbol × and ο: round-side radii of SMF and D-fibre; symbol +: D-
shaped cladding thickness of flat-side); The cross-section images of etched D-fibre: (b) etched-40min, (c) etch‐
ed-90min, (c) etched-170min.

Fig. 15 plots the etched cladding thickness against etching time for the two types of fibre. The
natural silica claddings of SMF and D-fibre show nearly isotropic etching processes with a
similar etching rate of ~0.068μm/min. The cross-sectional images of the D-fibre samples that
had been etched for 40min, 90min and 170min are shown in Fig. 15(b-d), respectively. It was
estimated that at ~85min, the side of the inner elliptical fluorine-doped cladding on the flat
side of the D-fibre was completely etched off, and the total inner cladding was almost removed
after ~167min. After~170min, the core was almost etched off, as can be seen in Fig. 15(d), and
the residual D-fibre cladding layer on the round-side was about 50.7μm.

Calibration of RI and sugar concentration

Since the chemical sensing mechanism of the in-fibre gratings is based on the resonances
response to the change of SRI and the most devices discussed in this chapter have been
evaluated for their SRI sensitivity by measuring the concentrations of sugar solution, the
calibrated correlation between the concentration of sugar solution and the refractive index (RI)
is necessary to be discussed first. Table 1 lists the conversion relationship between the
percentage sugar concentration and the refractive index, which is from the data reported in
reference [52].
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Table 1. Calibration of refractive index against concentration of sugar solution ( C12H22O11).

4.3. Chemical sensor based on FBGs in D-fibre

In-fibre optical chemical sensor based on FBG in D-fibre and sensitised by HF etching treatment
has been implemented and characterised.

The FBG structures were UV-inscribed in D-fibres using the standard phase mask fabrication
method. The D-fibre FBG samples were then sensitised by removing the cladding layer on the
flat side by employing etching process using HF acid of 10% concentration. In order to control
the etching depth, the transmission spectra were monitored in-situ using an EDFA source and
an optical spectrum analyser. Fig. 16 shows the spectral evolution of etched FBG samples the
wavelength shift and strength of the transmission loss peak against etching time. There are
three stages can be seen from the etching process: (i) 0~140min, (ii) 140~168min, and (iii)
168~173min. For the first stage, the spectrum of FBG remained intact, signifying the core mode
was still well bounded by the cladding layer. With further etching (140~168min), the thickness
of the flat-side claddingwas reduced to just a few microns, thereby allowing the evanescent
field to penetrate to surrounding-medium (HF acid). In this stage, the Bragg resonance shifted
noticeably towards the shorter wavelength side, indicating that the device has entered the SRI
sensitive regime. For the final etching period from 168 to 173min, a fractional layer of the core
was been etched off. As it can be seen from Fig. 16(b), the transmission loss drops dramatically
due to the combined effects of the reduction of the effective core mode index and the degra‐
dation of the light confinement.

 Fig. 15 (a) Spectral evolution of the D-fibre FBG under etching period from 140~168min. 
  (b) Bragg wavelength shift and transmission loss over the entire etching process.  
        Inset, schematic images of D-fibre corresponding the different etching stage. 

(a)             (b) 

Figure 16. (a) Spectral evolution of the D-fibre FBG under etching period from 140~168min. (b) Bragg wavelength
shift and transmission loss over the entire etching process. Inset, schematic images of D-fibre corresponding the differ‐
ent etching stage.

The SRI sensing characteristics of one un-etched and two etched D-fibre FBG devices (labeled
as G1 and G2) were comparatively investigated. G1 and G2 were etched for 159min and 169min
respectively. Sugar solutions with concentration ranging from 0% to 60% were prepared for
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similar etching rate of ~0.068μm/min. The cross-sectional images of the D-fibre samples that
had been etched for 40min, 90min and 170min are shown in Fig. 15(b-d), respectively. It was
estimated that at ~85min, the side of the inner elliptical fluorine-doped cladding on the flat
side of the D-fibre was completely etched off, and the total inner cladding was almost removed
after ~167min. After~170min, the core was almost etched off, as can be seen in Fig. 15(d), and
the residual D-fibre cladding layer on the round-side was about 50.7μm.

Calibration of RI and sugar concentration

Since the chemical sensing mechanism of the in-fibre gratings is based on the resonances
response to the change of SRI and the most devices discussed in this chapter have been
evaluated for their SRI sensitivity by measuring the concentrations of sugar solution, the
calibrated correlation between the concentration of sugar solution and the refractive index (RI)
is necessary to be discussed first. Table 1 lists the conversion relationship between the
percentage sugar concentration and the refractive index, which is from the data reported in
reference [52].
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The SRI sensing characteristics of one un-etched and two etched D-fibre FBG devices (labeled
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respectively. Sugar solutions with concentration ranging from 0% to 60% were prepared for
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refractive index measurement. The three grating devices were immersed in turn into each
sugar solution and their Bragg wavelengths were measured and are shown in Fig. 17 It is
clearfrom this figure that the un-etched grating is totally insensitive to SRI whereas the Bragg
wavelengths of G1 and G2 red-shift at different rates with increasing SRI. The deeper etched
grating G2 exhibits a much higher SRI sensitivity than the less etched G1.

Figure 17. SRI sensitivity for un-etched, shallowly (G1) and deeply (G2) etched FBG in D-fibre.

If the SRI sensitivity is defined as the wavelength shift induced by 1% RI change, the maximum
sensitivities exhibited by G1 and G2 are 0.03nm/% and 0.11nm/%, respectively. The latter is
almost four times that of the former. Using the calibration of RI against sugar concentration,
the SRI sensitivity can be converted to the sugar concentration sensitivity. For practical
applications, up to 5% concentration change in sugar concentration can be easily detected by
G2 using a standard optical interrogation system with an optical resolution of ~0.1nm and 0.5%
change with a resolution of 0.01nm.

4.4. Dual-peak LPG for Haemoglobin sensing

In this section, an implementation of optical biosensor based on etched dual-peak LPG will be
discussed. This device has been used to detect concentration of Haemoglobin (Hgb) protein
in sugar solution, showing an ultrahigh sensitivity.

Due to the parabolic characteristic of the group index of the high-order cladding modes [34,
35], there exists a set of dispersion-turning-points on the LPG phase curves, where
dλ / dΛ→∞. The nature of the coupled cladding modes close to the dispersion-turning-point
makes the dual-peak LPGs ultrasensitive to cladding property, allowing fine tailoring the
mode dispersion and index sensitivity by light-cladding-etching method using HF acid. It has
been reported that the responses of such LPGs can be modified by reducing the cladding size
via chemical etching [39, 41, 49, 50].
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Based on the mode coupling theory, the phase curves have been simulated for an LPG of 160μm
period in SMF-28 fibre with cladding radius reducing from 62.5μm to 51.5μm, as shown in
Fig. 18(a). The dispersion-turning-point feature is apparentthat the slope direction of the phase
curve changes from negative ( dλ / dΛ <0) to positive ( dλ / dΛ >0). For a given radius as dotted
line in Fig. 18(a), two cladding modes, one in the positive and the other in negative dispersion
region, could satisfy simultaneously the same phase match condition, resulting in dual-peak
resonances.

Figure 18. (a) Simulated phase curves of a dual-peak LPG of 160µm period for reduced cladding radius from 62.5µm
to 51.5µm. (b) Spectral evolution of dual-peak LPG (c) Wavelength shift of LPG resonances against fibre cladding radi‐
us.

A dual-peak LPG with a period of 159μm was subjected to the etching experiment using an
HF solution with 12% concentration. As the first trace shown in Fig. 18(b), this grating has four
coupled cladding modes identified as LP010, LP011, LP012 and LP’

012in the wavelength range from
900nm to 1700nm, two of which are the dual-peak modes located at 1214.9nm and 1634.4nm.
Under etching, it can be seen clearly that a transition of generation, coalescing and annihilation
of the dual-peak resonances from higher order modes to lower ones. Firstly, LP012 and LP’

012

are moving towards each other and eventually coalesced and annihilate, and a new pair of
dual-peak modes (LP011 and LP’

011) are generated in conjunction with the red-shifting of LP010;
then this transition is repeated leading to the appearance of paired LP010 and LP’

010, and LP09

modes.

Fig. 18(c) plots the resonance shifts of dual-peak LPG against cladding radius, the shift speed
increases when they are close to the dispersion-turning-point. It was also noticed that the
movements of the same order dual peaks are not linear and symmetric: the loss peak with
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011) are generated in conjunction with the red-shifting of LP010;
then this transition is repeated leading to the appearance of paired LP010 and LP’
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Fig. 18(c) plots the resonance shifts of dual-peak LPG against cladding radius, the shift speed
increases when they are close to the dispersion-turning-point. It was also noticed that the
movements of the same order dual peaks are not linear and symmetric: the loss peak with
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longer wavelength in dλ / dΛ <0 region moves faster than its counterpart at shorter wavelength
in dλ / dΛ >0 region.

When the dual-peak cladding modes are close to the dispersion-turning-point, it is possible to
fine tuning the sensitivity by light etching the cladding. A light-etching experiment was
performed using HF acid of only 1% concentration. A 20mm-long LPG with a 147μm period
was subjected to etching for 96.5min, removing cladding thickness by only 1.1μm (from
62.5μm to 61.4μm). The spectral evolution was monitored for the etching process and plotted
in Fig. 19(a). The dual peaks were originally at M and M’ spaced by 493.6nm and finally moved
to N and N’ separated by only 98.1nm, indicating they are now much closer to the dispersion-
turning-point and should be significantly more sensitive to SRI change.

Figure 19. (a) Dual peak wavelengths against etching time (towards dispersion-tuning-point); (b) SRI induced spectral
separation of the dual peaks for etched (N, N’) and unetched (M, M’) gratings (note: the curves have been offset).

The SRI sensitivity of the lightly etched dual-peak LPG was compared with that of an unetched
device of the same grating parameters. The two gratings were immersed in the air and a set of
index gels with refractive indices ranging from 1 to 1.44 and the separation of the dual peaks
was measured for each SRI value, as plotted in Fig. 19(b). The separation increases nonlinearly
with increasing SRI, however, that is far larger for the lightly-etched device than for the non-
etched one. For SRI varying from 1 to 1.44, the total separation between N and N’ is 373.9nm,
whereas that between M and M’ is 185.4nm, only half of the former. This indicates that the SRI
sensitivity of the finely-etched LPG has more or less doubled that of the unetched one.

The lightly-etched dual-peak LPG was then used to measure the concentration of Hgb in sugar
solution. Firstly, a set of Hgb solutions with concentrations from 0.0% to 1.0% (step 0.2%) was
prepared by adding Hgbto water. Then 5ml each of these solutions was added into six beakers,
each beaker had 30g of 60% aqueous sugar solution. LPG sensor was submerged in these
solutions in turn and the shifts of ‘N’ peak were measured. Fig. 20(a) shows the spectral
evolution the N-peak under different solutions and Fig. 20(b) plots its central wavelength shift
against Hgb concentration. When the Hgb concentration changing from 0.0% to 1.0%, the peak
red-shifts by 19.8nm. Defining the concentration sensitivity as the shift induced by 1% Hgb,
we have a device sensitivity of ~20nm/1%. Thus, using a standard interrogation system with
a resolution of 0.1nm, this finely tailored device could detect the Hgb concentration change as
small as 0.005%.
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4.5. LPG based biosensor for DNA hybridisation detection

The development of biosensors is motivated by their potential applications in biochemical,
biomedical, and environmental areas. In the past decade, the immobilisation techniques have
been developed to enable the functionalisation of silica support and several DNA biosensors
have been presented based on the hybridisation of target sequence to the bound DNA at the
surface of modified electrode, surface plasmon resonance, microchips, ring-resonator, planar
waveguide and optical fibre [53-55]. Chryssiset al. recently reported a detection of hybridisa‐
tion of DNA by highly sensitive etched core FBG sensors [44, 45, 56-58]. Fibre grating based
biochemical and biomedical sensors could be the alternative to and even the replacement for
conventional biosensors with advantages, such as highly-sensitive, label-free, fast and real-
time detection, dynamic analysis, etc. With the robustness and low-cost fabrication, the sensitised
dual-peak LPGs could be another desirable candidate for advanced optical biosensors.

Here, we implement an optical biosensor based on LPG for detecting DNA interactions at a
silica-liquid interface. The probe DNA is covalently immobilised onto the functionalised
surface of the fibre grating region. Since LPG couples the light from core to cladding, it is
intrinsically sensitive to changes in the refractive index at the sensor surface, thereby allowing
the interaction between bound probe DNA and target DNA in ambient solution to be moni‐
tored in situ. This novel biosensor presents many advantages, such as detection of DNA
hybridisation in low concentrations, real-time monitoring, high sensitivity and reusability.

Generation scheme of biosensor based on LPG:Fig. 21 displays the procedure of the in-fibre
grating biosensor for silanisation, covalent activation, immobilisation and DNA hybridisation.
All the biochemical experiments were performed in a fume cupboard. To minimise the bend
cross-sensitivity, the LPG sensors were placed straight in a V-groove container on a Teflon
plate and all the chemicals and solvents were added and withdrawn from the container by
carefully pipetting.

Silanisation of LPG Surface: Prior to silanisation, LPGs were cleaned by immersion in 5M
hydrochloric acid (HCl) for 30min at room temperature followed by rinsing in deionized (DI)
water three times and drying in the air. Silanisation of glass surface was implemented by
immersion in fresh 10% 3-Aminopropyl-triethoxysilane (APTS) (Sigma-Aldrich Company

Figure 20. (a) Spectral evolution of N-peak of the lightly-etched dual-peak LPG with different Hgb concentrations; (b)
N-peak wavelength shifts against Hgb concentration.
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Ltd.) for 30min at room temperature [57]. In this work, a 30mm-long LPG with a period of
161μm has been used and the peak at 1590.5nm has been selected for biosensing experiment.

LPG Surface Activation: To immobilise biomolecules covalently to the glass surface, a
chemical bond has to be formed between a functional group of biomolecule and the amino-
group of the linker [54]. As it well known in bioconjugate chemistry, Dimethyl suberimidate
(DMS, the molecular structure shown in Fig. 22(a)) is water soluble, membrane permeable and
is one of the best crosslinking agents to convert the amino-groups into reactive imidoester
cross-linkers. The imidoester functional group is one of the most specific acylating groups
available for the modification of primary amines and has minimal cross reactivity toward other
nucleophilic groups in proteins [59, 60]. In addition, DMS does not alter the overall charge of
the protein, potentially retaining the native conformation and activity of the protein. For
activation of glass surface, the silanised LPGs were immersed in 25mM DMS in phosphate
buffered saline solution (PBS) for 35min at room temperature. Then the activated LPGs were
rinsed by DI water three times and dried in the air.

Figure 22. (a) Activation of the silanised glass surface using DMS. (b) The image of GFP fluorescence on the fibre sur‐
face;

GFP Immobilisation and Fluorescent Test: In order to provide a simple method to determine
whether biomolecules are able to be successfully immobilised on the fibre glass surface, Green
Fluorescent Protein (GFP), which is an intrinsically fluorescent protein that has been used
extensively as a tool in biology to enable imaging, was employed to detect the attachment of
protein onto the fibre surface. A DMS activated fibre, as described above, was incubated in
1mg/ml GFP in PBS for 16hrs at room temperature. The GFP-deposited fibre surface was
observed under optical microscope with UV light source using appropriate filters for GFP
fluorescence detection and the image was captured and shown in Fig. 22(b), exhibiting
successful protein immobilisation.

Figure 21. Basic scheme of the functionalisation of LPG for the generation of biosensor.

Current Developments in Optical Fiber Technology228

Immobilisation of Probe DNA: The immobilisation process was carried out by incubation of
an activated LPG in 1μM probe DNA (as shown in Table 2) in PBS for 16hrs at room temper‐
ature. The spectra of LPG as shown in Fig. 23(a) were measured at the beginning and end of
the immobilisation process, respectively, by OSA with a resolution of 0.1nm. The grating
wavelength was defined by the centroid calculation method. After 16hrs deposition, a blue-
shift in wavelength of 254pm was observed, showing the fibre surface has been modified
successfully.

Table 2. Sequences and modifications of the Probe and Target Oligonucleotides.

Hybridisation of Target DNA: Hybridisation was executed with target DNA. After cleaning
with DI water, the grating sensor was rinsed in 6xSSPE (0.9M NaCl, 0.06M NaH2PO4, and
0.006M EDTA) then immersed in fresh 1μM target DNA in 6xSSPE buffer for 60min at room
temperature. The grating wavelength shift, as shown in Fig. 23(b), was monitored in situ
through whole hybridisation process. An increase of 715pm was observed in wavelength from
the start of hybridisation process until the end and most of the change takes place in the first
20min showing that hybridisation takes place very quickly. Hybridisation of target DNA has
been monitored successfully in real-time by this grating sensor.

(a) 

(c) (d) 

(b) 

Figure 23. (a) Spectra of biosensor before and after probe DNA immobilisation; (b) Wavelength evolution of biosen‐
sor against time during the hybridisation of target DNA; (c) Spectra of biosensor before and after the stripping proce‐
dure; (d) Wavelength shift against time during the re-hybridisation process.
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Immobilisation of Probe DNA: The immobilisation process was carried out by incubation of
an activated LPG in 1μM probe DNA (as shown in Table 2) in PBS for 16hrs at room temper‐
ature. The spectra of LPG as shown in Fig. 23(a) were measured at the beginning and end of
the immobilisation process, respectively, by OSA with a resolution of 0.1nm. The grating
wavelength was defined by the centroid calculation method. After 16hrs deposition, a blue-
shift in wavelength of 254pm was observed, showing the fibre surface has been modified
successfully.

Table 2. Sequences and modifications of the Probe and Target Oligonucleotides.

Hybridisation of Target DNA: Hybridisation was executed with target DNA. After cleaning
with DI water, the grating sensor was rinsed in 6xSSPE (0.9M NaCl, 0.06M NaH2PO4, and
0.006M EDTA) then immersed in fresh 1μM target DNA in 6xSSPE buffer for 60min at room
temperature. The grating wavelength shift, as shown in Fig. 23(b), was monitored in situ
through whole hybridisation process. An increase of 715pm was observed in wavelength from
the start of hybridisation process until the end and most of the change takes place in the first
20min showing that hybridisation takes place very quickly. Hybridisation of target DNA has
been monitored successfully in real-time by this grating sensor.
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Figure 23. (a) Spectra of biosensor before and after probe DNA immobilisation; (b) Wavelength evolution of biosen‐
sor against time during the hybridisation of target DNA; (c) Spectra of biosensor before and after the stripping proce‐
dure; (d) Wavelength shift against time during the re-hybridisation process.
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Stripping Procedure and Reusability: For re-use, grating sensor was incubated in a freshly
prepared stripping buffer of 5mM Na2HPO4 and 0.1%(w/v) Sodium dodecyl sulfate (SDS) at
95°C for 30s, three times, then was washed with DI water and dried for the re-hybridisation.
The grating spectra, as shown in Fig. 23(c), were measured in DI water before and after the
stripping procedure. A blue-shift of 1257pm has been observed, which is caused by the
stripping procedure. After stripping, the sensor was re-hybridised by immersion in 2μM target
DNA in 6xSSPE buffer for 60min at room temperature. A 1165pm wavelength increase has
been measured, as shown in Fig. 23(d), demonstrating the re-usability of the LPG biosensor.

A novel optical biosensor based on LPG has been demonstrated and used for detection of DNA
hybridisation. A change of wavelength of 1165pm was observed in the 60min hybridisation of
target DNA, showing a significantly higher sensitivity than the reported biosensor based on
core-etched FBG [57].

5. Conclusions

In-fibre grating technology has developed very rapidly in recent years and the range of its
applications will continue to grow, such as biomedical, biosensing, environmental monitoring
and health care. This chapter, we have reviewed the theory, the fabrication techniques and the
types of fibre gratings. In addition we have demonstrated the success of grating based devices
for chemical and bio- sensing. It may be possible to further enhance the sensitivity by selecting
the special fibre such as D-fibre, by refining the etching process, or by designing integrated
microfluidic channels [61] or by developing the novel grating structures [62]. We are also
interested in developing the new biosensor for selective bio-sensing, such as protein-protein,
protein-DNA and protein-substrate interaction.
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1. Introduction

Optical phenomena have been employed extensively by human civilization throughout the
centuries for lighting, communication, calculations, observations, etc. and have played a
crucial role in industrial development. The applications of the optics increased significantly
after the first demonstration of the light guiding phenomenon based on total internal reflection
in the 1840s, which was the precursor for the development of modern optical fibres. In modern
life, optical fibres found their niche in telecommunications and, more recently, as sensors.

The sensing of chemical compounds is very important for monitoring outdoor and indoor
environments (air and soil pollutions and sick building syndrome) [1], diseases (allergy and
cancer) [2], and dangerous substances (drugs, hidden bombs, and landmines) [3]. Sensitive,
reliable and cheap sensors for application in different areas of human activities are still sought.

Optical fibre-based measurement techniques have attracted a great deal of attention in a variety
of analytical areas such as chemical and biological sensing, environmental monitoring and
medical diagnosis. The variety of different designs and measurement schemes that may be
employed using optical fibres provides the potential to create very sensitive and selective
measurement techniques in real environments.

Different approaches exist for creation of fibre-optic sensors (FOS), which generally can be
classified into two groups depending on the sensing mechanism: intrinsic and extrinsic fibre-
optic sensors [4]. Interferometric sensors can be made that respond to an external stimulus by
a change in the optical path length and thus a phase difference in the interferometer. Tradi‐

© 2013 Korposh et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Korposh et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
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tional interferometers such as Michelson, Mach Zehnder [5, 6, 7], Fizeau, Sagnac [8] and Fabry
Perot [9, 10, 11] used for measuring of both chemical and physical parameters can be con‐
structed utilizing optical fibres.

Fibre-optic sensors based on the evanescent wave absorption effect are an example of simple,
cost effective yet very efficient type of intrinsic fibre-optic sensor [12]. As light travels along
the core of the optical fibre, a small portion of energy penetrates the cladding in the form of
an evanescent wave, the intensity of which decays exponentially with the distance from the
interface between the cladding and the surrounding environment. Typically the penetration
depth of evanescent wave into surrounding medium is in order of hundreds of nanometers.

This allows the direct analysis of the spectroscopy of an analyte in contact with the surface of
the optical fibre. Alternatively an indirect measurement approach can be employed, whereby
a chemically sensitive functional coating, which changes its optical properties when it comes
into contact with the analyte, can be deposited onto the surface of the optical fibre. Analysis
of the transmission spectrum can provide quantitative and qualitative information on the
chemical species under examination. The use of chemically sensitive coatings means that the
operating wavelength of the sensor is defined by the coating properties, rather than the
absorption spectrum of the analyte, which can be advantageous. Fibre optic sensors based on
the intrinsic evanescent wave offer the prospect for the development of cheap and compact
devices, due to combination of low cost light emitting diodes (LED) and photodetectors. The
sensitivity of the device is dependent on the length of the sensing area and for efficient
operation coating materials with the strong absorption features should be selected. Generally,
the simplest implementation of the fibre optic evanescent wave spectroscopy is application of
the multimode optical fibre with the silica core and plastic cladding. The plastic cladding can
easily be removed to allow the access to the evanescent wave and replaced with the functional
coating providing sensor with its sensitivity and selectivity. In the case of the singlemode fibres
with silica core and silica cladding polishing, etching or tapering is employed in order to get
an access to the evanescent wave.

Intrinsic FOS allows to implement different measurements designs within an optical fibre
based on the gratings (Bragg Gratings, FBG and long period gratings, LPG) written into the
fibre core in which the changes in the reflected light due to changes in the grating period is
measured to detect the effect caused by an external stimulus [13, 14]. Refractometers and
chemical sensors based on optical fibre gratings, both FBGs and LPGs, have been extensively
employed for refractive index measurements and monitoring associate chemical processes
since they offer wavelength-encoded information, which overcomes the referencing issues
associated with intensity based approaches.

Among the optical waveguide devices that have been investigated, tapered optical fibre
sensors are able to measure environmental parameters (refractive index, chemical concentra‐
tion, etc.) with high sensitivity owing to the large proportion of the energy of the propagating
mode extending into the surrounding environment in the form of an evanescent field [15, 16,
17]. The tapered area of the optical fibre facilitates evanescent wave spectroscopy, in which
the absorption spectrum of the surrounding medium is measured. Alternatively, the influence
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of the surrounding medium on the properties of the optical modes of the tapered waveguide
can be explained as a change in the refractive index, i.e. it will operate as a refractometer.

Various deposition techniques, such as dip- and spin-coatings, layer-by-layer deposition (LbL)
electrostatic self-assembly, Langmuir-Blodgett deposition, and chemical and physical vapour
deposition have been employed for the functional coating of optical fibres. Among these
techniques, the LbL technique, which is based on the alternate adsorption of polycations and
polyanions onto the surface, has been used as a powerful surface modification method. This
alternate adsorption technique is still expanding its potential because of its versatility and
convenience for the fabrication of nano-assembled thin films employing various organic and
inorganic materials.

In this chapter we will describe recent approaches to the development of fibre-optic chemical
sensors utilising different measurement designs based on evanescent wave, tapered and long
period gratings functionalized with nanoassembled thin films. Advantages and characteristic
features of each measurement design will be discussed and examples of the sensitive and
selective detection of various chemical analytes will be demonstrated. In addition, the potential
of fibre-optic chemical sensors for future sensor technology will be discussed.

2. Fibre-optic chemical sensor designs

2.1. Evanescent wave fiber-optic sensor

To fabricate the evanescent wave fibre-optic sensor (EWFOS), a short section of the plastic
cladding of a multimode optical fibre (HCS silica core/plastic cladding with 200 μm core
diameter, Ocean Optics) was replaced with a functional coating of alternate poly(diallyldime‐
thylammonium chloride) (PDDA, Mw: 200000–350000, 20 wt% in H2O) and tetrakis-(4-
sulfophenyl)porphine (TSPP, Mw=934.99) layers, Scheme 1. A schematic illustration of this
method is shown in Figure 1a [18]. Before assembly, the previously stripped section of the
optical fibre was cleaned with concentrated sulfuric acid (96%), rinsed several times with
deionized water, and treated with 1 wt% ethanolic KOH (ethanol/water = 3:2, v/v) for about
10 min with sonication in order to functionalize the surface of the silica core with OH groups.
The fibre core was then rinsed with deionized water, and dried by flushing with dry nitrogen
gas. The film was prepared by the alternate deposition of PDDA (5 mg mL-1 in water) and TSPP
(1 mM in water) (where one cycle is considered to be a combined PDDA/TSPP bilayer) by
introducing a coating solution (150 μL) into the deposition cell with intermediate processes of
water washing and drying by flushing with nitrogen gas being undertaken between the
application of layers. In every case, the outermost surface of the alternate film was TSPP. The
film is denoted by (PDDA/TSPP)x, where x indicates the number of adsorption cycles.

The measurement principle of the device is based on the analyte-induced optical change in the
transmission spectrum of the coated optical fibre.

The penetration depth (dp) of the evanescent wave is described by [4]:
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features of each measurement design will be discussed and examples of the sensitive and
selective detection of various chemical analytes will be demonstrated. In addition, the potential
of fibre-optic chemical sensors for future sensor technology will be discussed.
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2.1. Evanescent wave fiber-optic sensor

To fabricate the evanescent wave fibre-optic sensor (EWFOS), a short section of the plastic
cladding of a multimode optical fibre (HCS silica core/plastic cladding with 200 μm core
diameter, Ocean Optics) was replaced with a functional coating of alternate poly(diallyldime‐
thylammonium chloride) (PDDA, Mw: 200000–350000, 20 wt% in H2O) and tetrakis-(4-
sulfophenyl)porphine (TSPP, Mw=934.99) layers, Scheme 1. A schematic illustration of this
method is shown in Figure 1a [18]. Before assembly, the previously stripped section of the
optical fibre was cleaned with concentrated sulfuric acid (96%), rinsed several times with
deionized water, and treated with 1 wt% ethanolic KOH (ethanol/water = 3:2, v/v) for about
10 min with sonication in order to functionalize the surface of the silica core with OH groups.
The fibre core was then rinsed with deionized water, and dried by flushing with dry nitrogen
gas. The film was prepared by the alternate deposition of PDDA (5 mg mL-1 in water) and TSPP
(1 mM in water) (where one cycle is considered to be a combined PDDA/TSPP bilayer) by
introducing a coating solution (150 μL) into the deposition cell with intermediate processes of
water washing and drying by flushing with nitrogen gas being undertaken between the
application of layers. In every case, the outermost surface of the alternate film was TSPP. The
film is denoted by (PDDA/TSPP)x, where x indicates the number of adsorption cycles.

The measurement principle of the device is based on the analyte-induced optical change in the
transmission spectrum of the coated optical fibre.

The penetration depth (dp) of the evanescent wave is described by [4]:
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where λ is the wavelength of light in free space, nc is the refractive index of the cladding and
neff is the effective refractive index of the mode guided by the optical fibre.

Porphyrin compounds can be used as a sensitive element for optical sensors because their
optical properties (absorbance and fluorescence features) depends on the environmental
conditions in which molecule is present [20]. Porphyrins are tetrapyrrolic pigments that widely
occur in nature and play an important role in many biological systems [21]. The optical
spectrum of the solid state porphyrin is modified as compared to that of porphyrin in solution,
due to the presence of strong π−π interactions [22]. Interactions with other chemical species
can produce further optical spectral changes, thus creating the possibility that they can be
applied to optical sensor systems. The high extinction coefficient (> 200,000 cm-1/M) makes
porphyrin especially attractive for the creation of optical sensors.

2.2. Tapered fiber-optic sensor

A tapered optical fibre may be fabricated by simultaneously heating and stretching a short
section of a single mode optical fibre. This creates a region of fibre with reduced and uniform
diameter (the waist) that is bounded by conical sections where the diameter of the fibre changes
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Figure 1. (a) Schematic illustration of the layer-by-layer adsorption of TSPP and PDDA on a multimode optical fibre
and (b) deposition cell used for optical fibre coating [18].
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to merge the tapered section with the unperturbed surrounding single mode fibre. The optical
properties of the tapered fibre waveguide are influenced by the profile of the conical tapering
sections, by the diameter of the taper waist and by the optical thickness of the surrounding
medium. The proportion of the power in the evanescent field, and thus the interaction with
the surrounding medium, increases with decreasing diameter of the taper waist [23, 24]. In the
tapering section, the guided mode of the single mode fibre is converted into a mode of the
waist, Figure 2. In adiabatic tapers this is achieved without coupling to higher order modes.
In non-adiabatic tapers the taper profile is such that a proportion of the light is coupled into
higher order modes of the tapered section, which interfere to produce the channeled spectra
reported for tapers of diameter of order 5 μm [23, 25].

The detailed description of the fibre tapering procedure can be found elsewhere [23]. Briefly,
a single mode silica optical fibre was tapered using the heat and pull technique. Firstly, the
polymer buffer coating was removed from a 50 mm long section in the middle of a ~1 m length
of the single mode optical fibre using a mechanical stripper. The stripped section of the optical
fibre was then fixed on a 3-axis flexure stage (NanoMaxTM, Thorlabs) and exposed to the flame
produced by a gas burner (max temperature 1800oC) for approximately 60 sec while the ends
of the fibre were pulled in opposite directions using translation stages. Nonadiabatic optical
fibre tapers of diameters 9, 10 and 12 μm, all having a taper waist of length 20 mm, were
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where λ is the wavelength of light in free space, nc is the refractive index of the cladding and
neff is the effective refractive index of the mode guided by the optical fibre.

Porphyrin compounds can be used as a sensitive element for optical sensors because their
optical properties (absorbance and fluorescence features) depends on the environmental
conditions in which molecule is present [20]. Porphyrins are tetrapyrrolic pigments that widely
occur in nature and play an important role in many biological systems [21]. The optical
spectrum of the solid state porphyrin is modified as compared to that of porphyrin in solution,
due to the presence of strong π−π interactions [22]. Interactions with other chemical species
can produce further optical spectral changes, thus creating the possibility that they can be
applied to optical sensor systems. The high extinction coefficient (> 200,000 cm-1/M) makes
porphyrin especially attractive for the creation of optical sensors.

2.2. Tapered fiber-optic sensor

A tapered optical fibre may be fabricated by simultaneously heating and stretching a short
section of a single mode optical fibre. This creates a region of fibre with reduced and uniform
diameter (the waist) that is bounded by conical sections where the diameter of the fibre changes
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and (b) deposition cell used for optical fibre coating [18].

Current Developments in Optical Fiber Technology240

to merge the tapered section with the unperturbed surrounding single mode fibre. The optical
properties of the tapered fibre waveguide are influenced by the profile of the conical tapering
sections, by the diameter of the taper waist and by the optical thickness of the surrounding
medium. The proportion of the power in the evanescent field, and thus the interaction with
the surrounding medium, increases with decreasing diameter of the taper waist [23, 24]. In the
tapering section, the guided mode of the single mode fibre is converted into a mode of the
waist, Figure 2. In adiabatic tapers this is achieved without coupling to higher order modes.
In non-adiabatic tapers the taper profile is such that a proportion of the light is coupled into
higher order modes of the tapered section, which interfere to produce the channeled spectra
reported for tapers of diameter of order 5 μm [23, 25].

The detailed description of the fibre tapering procedure can be found elsewhere [23]. Briefly,
a single mode silica optical fibre was tapered using the heat and pull technique. Firstly, the
polymer buffer coating was removed from a 50 mm long section in the middle of a ~1 m length
of the single mode optical fibre using a mechanical stripper. The stripped section of the optical
fibre was then fixed on a 3-axis flexure stage (NanoMaxTM, Thorlabs) and exposed to the flame
produced by a gas burner (max temperature 1800oC) for approximately 60 sec while the ends
of the fibre were pulled in opposite directions using translation stages. Nonadiabatic optical
fibre tapers of diameters 9, 10 and 12 μm, all having a taper waist of length 20 mm, were
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fabricated. The dimensions of the tapers were determined using a digital optical microscope,
DZ3 Union Optical Co., Ltd., Japan.

The LbL method described above has been used to deposit a multilayer porphyrin film over
the tapered region of a single mode optical fibre with the aim of demonstrating a gas sensor,
Figure 2a. The effect of the polycation on the optical properties and structure of the multilayer
porphyrin film was studied thoroughly. It is suggested that, by using poly(allylamine
hydrochloride) (PAH, Mr: 56000) for the porphyrin film preparation instead of PDDA, the form
of the aggregation of the TSPP is modified and provides improved optical properties that
facilitate the detection of wider class of chemicals. Moreover the analyte-induced refractive
index change of the prepared multilayer porphyrin film was monitored using tapered optical
fibres.

Figure 2. (a) Schematic illustration of the layer-by-layer adsorption of TSPP and PAH on a tapered optical fibre and (b)
optical images of the tapered region of the optical fibres with different waist diameter.

2.3. Optical fibre long period gratings

LPGs promote coupling between the propagating core mode and co-propagating cladding
modes, i.e. work as transmission gratings. The high attenuation of the cladding modes results
in the transmission spectrum of the fibre containing a series of resonance bands centred at
discrete wavelengths, each resonance band corresponding to coupling to a different cladding
mode, as shown in Figure 3 [26].

The refractive index sensitivity of LPGs arises from the dependence of the phase matching
condition upon the effective refractive index of the cladding modes, which is governed by
Equation 2 [26]:
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( ) ( )( )x core clad xn nl = - L (2)

where λ(x) represents the wavelength at which the coupling occurs to the linear polarized
(LP0x) mode, ncore is the effective RI of the mode propagating in the core, nclad(x) is the effective
RI of the LP0x cladding mode, and Λ is the period of the grating. The modes to which coupling
occurs is dependent upon the period of the grating, and this has a significant influence on the
form of the transmission spectrum, as is clear from Figure 3.
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Figure 3. (a) Schematic illustration of the LPG structure and (b) transmission spectra of LPGs with different grating
periods fabricated in an optical fibre of cut-off wavelength 670 nm (Fibrecore SM750): (i) 80 µm, (ii) 100 µm, and (iii)
400 µm [27].

The effective indices of the cladding modes are dependent upon the difference between the
refractive index of the cladding and that of the medium surrounding the cladding. The highest
sensitivity is shown for surrounding refractive indices close to that of the cladding of the optical
fibre, provided that the cladding has the higher refractive index [28]. For surrounding
refractive indices higher than that of the cladding, the centre wavelengths of the resonance
bands show a considerably reduced sensitivity [29].

A detailed description and reference to the optical properties of LPGs can be found elsewhere
[27, 30, 31]. In this work, an LPG of length 30 mm with a period of 100 μm was fabricated in a

Fibre-Optic Chemical Sensor Approaches Based on Nanoassembled Thin Films: A Challenge to Future…
http://dx.doi.org/10.5772/53399

243



fabricated. The dimensions of the tapers were determined using a digital optical microscope,
DZ3 Union Optical Co., Ltd., Japan.

The LbL method described above has been used to deposit a multilayer porphyrin film over
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The effective indices of the cladding modes are dependent upon the difference between the
refractive index of the cladding and that of the medium surrounding the cladding. The highest
sensitivity is shown for surrounding refractive indices close to that of the cladding of the optical
fibre, provided that the cladding has the higher refractive index [28]. For surrounding
refractive indices higher than that of the cladding, the centre wavelengths of the resonance
bands show a considerably reduced sensitivity [29].

A detailed description and reference to the optical properties of LPGs can be found elsewhere
[27, 30, 31]. In this work, an LPG of length 30 mm with a period of 100 μm was fabricated in a

Fibre-Optic Chemical Sensor Approaches Based on Nanoassembled Thin Films: A Challenge to Future…
http://dx.doi.org/10.5772/53399

243



single mode optical fibre (Fibercore SM750) with a cut-off wavelength of 670 nm using point-
by-point UV writing process. The photosensitivity of the fibre was enhanced by pressurizing
it in hydrogen for a period of 2 weeks at 150 bar at room temperature.

The coated LPG was used for the detection of ammonia in the gas phase and in solution. For
the detection of ammonia in solution, the LPG was coated with mesoporous PDDA/SiO2

nanoparticles (NPs) (SNOWTEX 20L (40–50 nm), Nissan Chemical) film using the LbL process
and infused with functional compound, TSPP, as illustrated in Figure 4a. As the LPG trans‐
mission spectrum is known to be sensitive to bending, for the film deposition process and
ammonia detection experiments the optical fibre containing LPG was fixed within a special
holder, as shown in Figure 4b, such that the section of the fibre containing the LPG was taut
and straight throughout the experiments [30]. The detailed procedure of the deposition of the
SiO2 NPs onto the LPG and infusion of the TSPP compound has been reported previously [27].
Briefly, the section of the optical fibre containing LPG, with its surface treated such that it was
terminated with OH groups, was alternately immersed into a 0.5 wt% solution containing a
positively charged polymer, PDDA, and, after washing, into a 1 wt% solution containing the
negatively charged SiO2 NPs solution, each for 20 min. This process was repeated until the
required coating thickness was achieved. When the required film thickness had been achieved
(i.e. when the development of the second resonance band was observed with the fibre
immersed into water), ca. after 10 deposition cycles, the coated fibre was immersed in a solution
of TSPP as functional compound for 2 h, which was infused into the porous coating and
provided the sensor with its specificity. Due to the electronegative sulfonic groups present in
the TSPP compound, an electrostatic interaction occurs between TSPP and positively charged
PDDA in the PDDA/SiO2 film. After immersion into the TSPP solution, the fibre was rinsed in
distilled water, in order to remove physically adsorbed compounds, and dried by flushing
with N2 gas. The compounds remaining in the porous silica structure were bound to the surface
of the polymer layer that coated each nanosphere. This effectively increased the available
surface area for the compounds to bond to. The presence of functional chemical compounds
increased the RI of the porous coating and resulted in a significant change in the LPG’s
transmission spectrum, consistent with previous observations for increasing the coating
thickness [32]. All experiments have been conducted at 25oC and 50% of rH.

For the ammonia detection in gas phase the LPG was designed to operate at the phase match
turning point. In coated LPGs, for coupling to a particular cladding mode, the phase matching
turning point occurs at a specific combination of grating-period and optical thickness of the
coating. Near the phase matching turning point conditions, it is possible to couple to the
cladding mode at two different wavelengths, with the corresponding resonance band wave‐
lengths showing opposite sensitivity to perturbations to the properties of the coating [33]. LPGs
show there highest sensitivity to environmental perturbations when operating in this regime
[33]. The LPG was coated with an alternate thin film composed of poly(acrylic acid) (PAA,
Mw:4000000) and PDDA, Figure 5. PAA is a promising candidate for the creation of ammonia
sensors, of which free carboxylic acid groups lead to the high sensitivity and selectivity toward
amine compounds [34]. Recently, we have reported a quartz crystal microbalance (QCM) gas
sensor based on the alternate deposition of TiO2 and PAA for the sensitive detection of amine
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odors. However, QCM sensors still have a weakness that the sensor response can be easily
affected by humidity [35]. The current approach would enable the LPG sensor performance
based on the acid-base interaction of amine odors to the COOH moiety of PAA under humid
conditions.

Transimitted
spectrum

Optical fibre
Input

spectrum

Cladding

Core

UV inscribed grating-LPG PDDA (0.5 wt% in water）
PAA (0.05 wt% in water)

Figure 5. (a) Schemetic illustration of an LPG and its surface modification using PDDA and PAA [34].
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Figure 4. (a) Schematic illustration of the electrostatic self-assembly deposition process and (b) deposition cell with a
fixed LPG fibre.

Fibre-Optic Chemical Sensor Approaches Based on Nanoassembled Thin Films: A Challenge to Future…
http://dx.doi.org/10.5772/53399

245
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by-point UV writing process. The photosensitivity of the fibre was enhanced by pressurizing
it in hydrogen for a period of 2 weeks at 150 bar at room temperature.

The coated LPG was used for the detection of ammonia in the gas phase and in solution. For
the detection of ammonia in solution, the LPG was coated with mesoporous PDDA/SiO2

nanoparticles (NPs) (SNOWTEX 20L (40–50 nm), Nissan Chemical) film using the LbL process
and infused with functional compound, TSPP, as illustrated in Figure 4a. As the LPG trans‐
mission spectrum is known to be sensitive to bending, for the film deposition process and
ammonia detection experiments the optical fibre containing LPG was fixed within a special
holder, as shown in Figure 4b, such that the section of the fibre containing the LPG was taut
and straight throughout the experiments [30]. The detailed procedure of the deposition of the
SiO2 NPs onto the LPG and infusion of the TSPP compound has been reported previously [27].
Briefly, the section of the optical fibre containing LPG, with its surface treated such that it was
terminated with OH groups, was alternately immersed into a 0.5 wt% solution containing a
positively charged polymer, PDDA, and, after washing, into a 1 wt% solution containing the
negatively charged SiO2 NPs solution, each for 20 min. This process was repeated until the
required coating thickness was achieved. When the required film thickness had been achieved
(i.e. when the development of the second resonance band was observed with the fibre
immersed into water), ca. after 10 deposition cycles, the coated fibre was immersed in a solution
of TSPP as functional compound for 2 h, which was infused into the porous coating and
provided the sensor with its specificity. Due to the electronegative sulfonic groups present in
the TSPP compound, an electrostatic interaction occurs between TSPP and positively charged
PDDA in the PDDA/SiO2 film. After immersion into the TSPP solution, the fibre was rinsed in
distilled water, in order to remove physically adsorbed compounds, and dried by flushing
with N2 gas. The compounds remaining in the porous silica structure were bound to the surface
of the polymer layer that coated each nanosphere. This effectively increased the available
surface area for the compounds to bond to. The presence of functional chemical compounds
increased the RI of the porous coating and resulted in a significant change in the LPG’s
transmission spectrum, consistent with previous observations for increasing the coating
thickness [32]. All experiments have been conducted at 25oC and 50% of rH.

For the ammonia detection in gas phase the LPG was designed to operate at the phase match
turning point. In coated LPGs, for coupling to a particular cladding mode, the phase matching
turning point occurs at a specific combination of grating-period and optical thickness of the
coating. Near the phase matching turning point conditions, it is possible to couple to the
cladding mode at two different wavelengths, with the corresponding resonance band wave‐
lengths showing opposite sensitivity to perturbations to the properties of the coating [33]. LPGs
show there highest sensitivity to environmental perturbations when operating in this regime
[33]. The LPG was coated with an alternate thin film composed of poly(acrylic acid) (PAA,
Mw:4000000) and PDDA, Figure 5. PAA is a promising candidate for the creation of ammonia
sensors, of which free carboxylic acid groups lead to the high sensitivity and selectivity toward
amine compounds [34]. Recently, we have reported a quartz crystal microbalance (QCM) gas
sensor based on the alternate deposition of TiO2 and PAA for the sensitive detection of amine
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odors. However, QCM sensors still have a weakness that the sensor response can be easily
affected by humidity [35]. The current approach would enable the LPG sensor performance
based on the acid-base interaction of amine odors to the COOH moiety of PAA under humid
conditions.
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Figure 5. (a) Schemetic illustration of an LPG and its surface modification using PDDA and PAA [34].

OHOH OHOH OHOH
OHOH OHOH OHOH

OHOH OHOH OHOH

OHOH OHOH OHOH
OHOH OHOH OHOH

OHOH OHOH OHOH

OHOH OHOH OHOH
OHOH OHOH OHOH

OHOH OHOH OHOH

OHOH OHOH OHOH
OHOH OHOH OHOH

OHOH OHOH OHOH

(i) KOH treatment

(ii) polycation
deposition

(iii) SiO2
nanoparticle
deposition repeat (ii) (iii)

LPG fibre

hydroxylated
cladding surface

PDDA (0.5 w% 
in water) (SNOWTEX 20L)

(b)

Deposition cell

optical fibrelight source spectrometer

grating region

OHOH OHOH OHOH
OHOH OHOH OHOH

OHOH OHOH OHOH
TSPP infusionNH3 sensing

(a)

Figure 4. (a) Schematic illustration of the electrostatic self-assembly deposition process and (b) deposition cell with a
fixed LPG fibre.

Fibre-Optic Chemical Sensor Approaches Based on Nanoassembled Thin Films: A Challenge to Future…
http://dx.doi.org/10.5772/53399

245



3. Sensing approaches

3.1. Sensing based on evanescent wave fiber-optic sensors

Ammonia is one of the major metabolic compounds and the importance of its detection has
been recently emphasized because of its correlation with specific diseases [36,37]. At normal
physiological conditions ammonia can be expelled from the slightly alkaline blood and
emanated through the skin or exhaled with the breath. Dysfunction in the kidneys or liver that
converts ammonia to urea can result in an increase of the ammonia concentration in breath or
urine. Consequently, the detection of the ammonia gas present in the breath or urine can be
used for the early diagnostics of liver or stomach diseases [36].

Ammonia-induced changes in the transmission spectrum of the (PDDA/TSPP)5 film are shown
in Figure 6. As ammonia concentration increased from 0 to 20 ppm, a concomitant intensity
change is observed at several wavelengths; at 706 nm the intensity increases, whereas at 350
and 470 nm it decreases. Upon exposure of the (PDDA/TSPP)5 film to ammonia, the largest
intensity change was observed at 706 nm. The interaction between ammonia and TSPP
molecules leads to the deprotonation from the pyrolle ring and hence affects the interaction
between TSPP molecules. Similarly, the largest change in absorbance is observed at 706 nm (Q
band), which is attributed to the aggregation structure of TSPP [38]. The difference spectra
were obtained by subtracting a spectrum measured in ammonia atmosphere from a spectrum
measured in air.
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Figure 6. Optical transmission difference spectra of the optical fibre coated with a five-cycle PDDA/TSPP alternate film
on exposure to ammonia concentrations ranging from 0–20 ppm.

The dynamic response of the (PDDA/TSPP)5 coated fibre to exposure to ammonia was
monitored at 350, 470 and 706 nm (Figure 7a). As can be seen from the result, the sensor
response is fully reversible for low ammonia concentrations (up to 1 ppm). However, at higher
concentrations the sensor takes a longer time to return to the base line. The base line may be
recovered by flushing with air for sufficient time, as shown in Figure 7a. Alternatively, the
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sensor response can be regenerated by rinsing for a few seconds in distilled water [39]. The
calibration curve at each wavelength was plotted from the recorded spectra at given ammonia
concentrations. The sensor shows linear responses at all wavelengths for a wide concentration
range from 0.1 to 20 ppm and the highest sensitivity was observed at 706 nm (Figure 7b).

The response and recovery times (t90) of the sensor to increasing ammonia concentration were
within 1.6-2.5 min and 1.8-3.2 min, respectively (see Figure 7a). The sensitivity of the sensor
depends on the wavelength and has different directions; for 350 and 470 nm, it is negative, and
for 706 nm it is positive. The highest sensitivity was measured at 706 nm, corresponding to the
optical change of the Q band of TSPP. The current sensor system has a limit of detection (LOD)
of 0.9 ppm. The limit of detection was defined according to:

 3 /LOD s m= (3)

where σ ≈ 0.31 is the standard deviation, and m is the slope (ΔI/Δc) of the calibration curve,
where c is the ammonia concentration and I is the measured intensity (mV) [40].

The results suggest that it will be possible to create a low-cost fibre optic sensor by selecting a
LED and a photodiode with parameters that coincide with the wavelength at which the largest
ammonia-induced changes were observed (706 nm).

The optical fibre acts as a platform that may be exploited to facilitate the detection of different
chemicals by coating the fibre with appropriate functional materials. In order to demonstrate
its capability, it was employed for the detection of the gaseous compounds excreted from the
human body. Gaseous compounds excreted from the human body are believed to reflect
certain metabolic conditions of the organism as well as the blood gaseous content [41]. A lot
of information about human skin excretion is present in the literature. In gas chromatography
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Figure 7. (a) Dynamic response of the optical fibre coated with a five-cycle PDDA/TSPP alternate film for ammonia
concentrations ranging from 0–20 ppm at 350, 470, and 706 nm. (b) Calibration curves at 350 nm (squares), 470 nm
(rhombuses), and 706 nm (circles). Lines show the linear fitting and are used only as guidance to an eye.

Fibre-Optic Chemical Sensor Approaches Based on Nanoassembled Thin Films: A Challenge to Future…
http://dx.doi.org/10.5772/53399

247



3. Sensing approaches

3.1. Sensing based on evanescent wave fiber-optic sensors

Ammonia is one of the major metabolic compounds and the importance of its detection has
been recently emphasized because of its correlation with specific diseases [36,37]. At normal
physiological conditions ammonia can be expelled from the slightly alkaline blood and
emanated through the skin or exhaled with the breath. Dysfunction in the kidneys or liver that
converts ammonia to urea can result in an increase of the ammonia concentration in breath or
urine. Consequently, the detection of the ammonia gas present in the breath or urine can be
used for the early diagnostics of liver or stomach diseases [36].

Ammonia-induced changes in the transmission spectrum of the (PDDA/TSPP)5 film are shown
in Figure 6. As ammonia concentration increased from 0 to 20 ppm, a concomitant intensity
change is observed at several wavelengths; at 706 nm the intensity increases, whereas at 350
and 470 nm it decreases. Upon exposure of the (PDDA/TSPP)5 film to ammonia, the largest
intensity change was observed at 706 nm. The interaction between ammonia and TSPP
molecules leads to the deprotonation from the pyrolle ring and hence affects the interaction
between TSPP molecules. Similarly, the largest change in absorbance is observed at 706 nm (Q
band), which is attributed to the aggregation structure of TSPP [38]. The difference spectra
were obtained by subtracting a spectrum measured in ammonia atmosphere from a spectrum
measured in air.
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Figure 6. Optical transmission difference spectra of the optical fibre coated with a five-cycle PDDA/TSPP alternate film
on exposure to ammonia concentrations ranging from 0–20 ppm.

The dynamic response of the (PDDA/TSPP)5 coated fibre to exposure to ammonia was
monitored at 350, 470 and 706 nm (Figure 7a). As can be seen from the result, the sensor
response is fully reversible for low ammonia concentrations (up to 1 ppm). However, at higher
concentrations the sensor takes a longer time to return to the base line. The base line may be
recovered by flushing with air for sufficient time, as shown in Figure 7a. Alternatively, the
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sensor response can be regenerated by rinsing for a few seconds in distilled water [39]. The
calibration curve at each wavelength was plotted from the recorded spectra at given ammonia
concentrations. The sensor shows linear responses at all wavelengths for a wide concentration
range from 0.1 to 20 ppm and the highest sensitivity was observed at 706 nm (Figure 7b).

The response and recovery times (t90) of the sensor to increasing ammonia concentration were
within 1.6-2.5 min and 1.8-3.2 min, respectively (see Figure 7a). The sensitivity of the sensor
depends on the wavelength and has different directions; for 350 and 470 nm, it is negative, and
for 706 nm it is positive. The highest sensitivity was measured at 706 nm, corresponding to the
optical change of the Q band of TSPP. The current sensor system has a limit of detection (LOD)
of 0.9 ppm. The limit of detection was defined according to:

 3 /LOD s m= (3)

where σ ≈ 0.31 is the standard deviation, and m is the slope (ΔI/Δc) of the calibration curve,
where c is the ammonia concentration and I is the measured intensity (mV) [40].

The results suggest that it will be possible to create a low-cost fibre optic sensor by selecting a
LED and a photodiode with parameters that coincide with the wavelength at which the largest
ammonia-induced changes were observed (706 nm).

The optical fibre acts as a platform that may be exploited to facilitate the detection of different
chemicals by coating the fibre with appropriate functional materials. In order to demonstrate
its capability, it was employed for the detection of the gaseous compounds excreted from the
human body. Gaseous compounds excreted from the human body are believed to reflect
certain metabolic conditions of the organism as well as the blood gaseous content [41]. A lot
of information about human skin excretion is present in the literature. In gas chromatography
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Figure 7. (a) Dynamic response of the optical fibre coated with a five-cycle PDDA/TSPP alternate film for ammonia
concentrations ranging from 0–20 ppm at 350, 470, and 706 nm. (b) Calibration curves at 350 nm (squares), 470 nm
(rhombuses), and 706 nm (circles). Lines show the linear fitting and are used only as guidance to an eye.
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(GC) based experiments, variety of compounds were found to be emitted by human skin, such
as acetone [42], ammonia [43], hydrocarbons [44] and aromatics [45], and the quantity of some
of these compounds was correlated to blood content. Ammonia gas has been known to
emanate through the skin from serum and its level depends on the humans health conditions
[37]. Studies have demonstrated the possibility of identifying human subjects through the
examinations of their volatile organic compound (VOC) odour patterns, formulating the idea
of personal “smellprint” as an analogue of the fingerprint [46]. Applicability of electronic nose
techniques was shown for the classification of bacteria related to human diseases [47,48],
urinary tract infections [49] and further progress to metabolic disorders such as diabetes [50]
or renal dysfunction [51]. The detection of renal failure in rats [52] and of lung cancer in people
[53] was achieved using the breath sniffing method by arrays consisting of appropriately
modified chemiresistors. Analysis of gases emitted from skin, however, is mainly being
performed with the use of GC, which in spite of its high sensitivity and selectivity is expensive
and time-consuming and requires a well- trained operator. Development of miniaturized
sensing devices is expected to overcome the drawbacks of conventional approaches.

Here, a preliminary study of an optical fibre based skin gas sensor is discussed.The measure‐
ment setup for the skin gas analysis is shown in Figure 8. One end of the optical fibre was
connected to a deuterium/halogen tungsten light source (DH-2000-BAL, Micropack) and other
end was connected to an optical spectrometer (S1024DW, Ocean Optics) via fibre-optic
connectors. The fabricated optical sensor was located inside a small acryl sensing cell (cylinder
shape with radius r=3.5 cm, height h=1 cm, volume V=38.5 cm3) containing a humidity and
temperature recording logger (Hygrochron, KN Laboratories: RH range of 0–95%; accuracy
±5% at 25 oC in the range of 20–80% RH and reading resolution 0.1%).

For skin gas measurements, the top of the acryl cell was completely covered by palm surface.
The optical measurement of palm skin emanations inside the chamber was done for 5-30min
while the optical output spectrum and optical changes at selected wavelengths were recorded
every second using an Ocean Optics software (OOIBase32).

To test the influence of the humidity, the acryl sensing chamber was additionally connected
to a humidified air generating system through the additional inlet and outlet of the measuring
cell, as shown in Figure 8. Dry compressed air was divided into two flows by the use of flow
controllers (FC1 and FC2) and one of the flows passed through a bubbling bottle with deionized
water to humidify the air. Recombination of the flows of dry and wet air was used to obtain
the different levels of relative humidity.

Sensor response to changes in relative humidity was measured every second by recording the
transmission spectrum of the optical fibre coated with a thin film. To explore the reproduci‐
bility of the measurements, the response of the fibre optic sensor was recorded twice at three
different levels of humidity and flushed with dry air between each measurement.

The sensor response to palm skin gas was assessed by recording the changes of the optical
properties of a (PAH/TSPP)10 film deposited on the optical fibre. Optical spectral changes
induced by the presence of the skin gases emitted from two different people (R and S) are
shown in Figure 9a (spectral change) and Figure 9b (dynamic intensity change at selected
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wavelengths). Measurements were conducted on the same day at similar conditions: the both
participants were healthy, and hands were washed before the experiment with filtrated water.
A slightly different response for two different people was observed. It should be noted that
relative humidity level measured using a humidity logger, reached equilibrium at a maximum
value of 95% within 1 min (data not shown). In general, relative humidity is an important factor
that can influence sensor response. The sensor response to the skin gas emanations, however,
is much slower as compared to the changes induced by relative humidity.

This difference in the senor response for two different participants suggests that some
additional volatile compounds are exhaled by the human skin surface along increasing
humidity. Interaction of compounds present in the skin gas with the PAH/TSPP film would
contribute to the additional change observed in the output spectra.

From the complex sensor response observed over the wide spectral range, it is not a trivial task
to discriminate the influences of humidity and skin gases. For the purpose of qualitative data
description, the measured results were analyzed using principal component analysis (PCA,
Statistical EXCEL add-in, V. 5.05 by Esumi Co. Ltd.) in order to reduce the multi-dimension‐
ality of the obtained data. The 25 wavelengths at which the biggest intensity changes were
observed were manually chosen from the difference spectra. Such selection was sufficient to
obtain good separation between qualitatively different samples. The PCA results are shown
in Figure 10, with a 96.5% cumulative proportion of PC1 and PC2. General observations are
as follows: humidity points are grouped along the positive side of PC1 while most points
representing responses to skin gas are located in the negative PC1 region. Additionally, PC2

LS OS

DA

rH monitoracryl 
chamber

EW sensor

humidified 
air

IN

OUT

FC
1

FC
2

AI
R

bubbling
system

hand

Figure 8. Experimental setup containing light source LS, optical spectrophotometer OS, data acquisition DA and hu‐
midified air generating system [54].
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(GC) based experiments, variety of compounds were found to be emitted by human skin, such
as acetone [42], ammonia [43], hydrocarbons [44] and aromatics [45], and the quantity of some
of these compounds was correlated to blood content. Ammonia gas has been known to
emanate through the skin from serum and its level depends on the humans health conditions
[37]. Studies have demonstrated the possibility of identifying human subjects through the
examinations of their volatile organic compound (VOC) odour patterns, formulating the idea
of personal “smellprint” as an analogue of the fingerprint [46]. Applicability of electronic nose
techniques was shown for the classification of bacteria related to human diseases [47,48],
urinary tract infections [49] and further progress to metabolic disorders such as diabetes [50]
or renal dysfunction [51]. The detection of renal failure in rats [52] and of lung cancer in people
[53] was achieved using the breath sniffing method by arrays consisting of appropriately
modified chemiresistors. Analysis of gases emitted from skin, however, is mainly being
performed with the use of GC, which in spite of its high sensitivity and selectivity is expensive
and time-consuming and requires a well- trained operator. Development of miniaturized
sensing devices is expected to overcome the drawbacks of conventional approaches.

Here, a preliminary study of an optical fibre based skin gas sensor is discussed.The measure‐
ment setup for the skin gas analysis is shown in Figure 8. One end of the optical fibre was
connected to a deuterium/halogen tungsten light source (DH-2000-BAL, Micropack) and other
end was connected to an optical spectrometer (S1024DW, Ocean Optics) via fibre-optic
connectors. The fabricated optical sensor was located inside a small acryl sensing cell (cylinder
shape with radius r=3.5 cm, height h=1 cm, volume V=38.5 cm3) containing a humidity and
temperature recording logger (Hygrochron, KN Laboratories: RH range of 0–95%; accuracy
±5% at 25 oC in the range of 20–80% RH and reading resolution 0.1%).

For skin gas measurements, the top of the acryl cell was completely covered by palm surface.
The optical measurement of palm skin emanations inside the chamber was done for 5-30min
while the optical output spectrum and optical changes at selected wavelengths were recorded
every second using an Ocean Optics software (OOIBase32).

To test the influence of the humidity, the acryl sensing chamber was additionally connected
to a humidified air generating system through the additional inlet and outlet of the measuring
cell, as shown in Figure 8. Dry compressed air was divided into two flows by the use of flow
controllers (FC1 and FC2) and one of the flows passed through a bubbling bottle with deionized
water to humidify the air. Recombination of the flows of dry and wet air was used to obtain
the different levels of relative humidity.

Sensor response to changes in relative humidity was measured every second by recording the
transmission spectrum of the optical fibre coated with a thin film. To explore the reproduci‐
bility of the measurements, the response of the fibre optic sensor was recorded twice at three
different levels of humidity and flushed with dry air between each measurement.

The sensor response to palm skin gas was assessed by recording the changes of the optical
properties of a (PAH/TSPP)10 film deposited on the optical fibre. Optical spectral changes
induced by the presence of the skin gases emitted from two different people (R and S) are
shown in Figure 9a (spectral change) and Figure 9b (dynamic intensity change at selected
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wavelengths). Measurements were conducted on the same day at similar conditions: the both
participants were healthy, and hands were washed before the experiment with filtrated water.
A slightly different response for two different people was observed. It should be noted that
relative humidity level measured using a humidity logger, reached equilibrium at a maximum
value of 95% within 1 min (data not shown). In general, relative humidity is an important factor
that can influence sensor response. The sensor response to the skin gas emanations, however,
is much slower as compared to the changes induced by relative humidity.

This difference in the senor response for two different participants suggests that some
additional volatile compounds are exhaled by the human skin surface along increasing
humidity. Interaction of compounds present in the skin gas with the PAH/TSPP film would
contribute to the additional change observed in the output spectra.

From the complex sensor response observed over the wide spectral range, it is not a trivial task
to discriminate the influences of humidity and skin gases. For the purpose of qualitative data
description, the measured results were analyzed using principal component analysis (PCA,
Statistical EXCEL add-in, V. 5.05 by Esumi Co. Ltd.) in order to reduce the multi-dimension‐
ality of the obtained data. The 25 wavelengths at which the biggest intensity changes were
observed were manually chosen from the difference spectra. Such selection was sufficient to
obtain good separation between qualitatively different samples. The PCA results are shown
in Figure 10, with a 96.5% cumulative proportion of PC1 and PC2. General observations are
as follows: humidity points are grouped along the positive side of PC1 while most points
representing responses to skin gas are located in the negative PC1 region. Additionally, PC2
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can possibly be used for the separation of participants who have different physiological
conditions and different skin exhaling properties. The bigger distance between points in the S
sample is probably related to the more intensive VOCs emanation. In addition, skin gasses
were measured the day after alcohol consumption, and these points are added to the PCA plot.
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Figure 10. (a) Principal component analysis performed using the data measured at 25 wavelengths. Results measured
at relative humidity change (black, with an arrow indicating increase of relative humidity values); Sensor response in‐
duced by skin gas emanations from participant R (blue, arrow indicating increase of sampling time of human skin gas
emanation; i.e. attachment of the palm to the chamber containing the sensor, green point indicate the response one
day after alcohol consumption); and from participant S (red, arrow indicating increase of sampling time of human skin
gas emanation, magenta points show the response one day after alcohol consumption ). (b) PCA loadings.
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Those measurements were repeated several times and skin gas sampling was done for 5 min.
From the PCA plot, we can see that for the participant R, the points after consuming alcohol
lie very close to those of the normal physiological conditions. For participant S, the points after
consuming alcohol are located on the opposite side of the both principal component axes,
which might be a result of a considerable change in the skin gas content after consuming
alcohol. The obtained results further illustrate that the proposed sensor, combined with PCA
data analysis, could recognize human samples and humidified air. However, based on the data
gathered from only two persons, it is not possible to make a generalization on the behaviour
of the sensor and on its ability to distinguish physiological conditions. We can speculate,
however, that due to the normal physiological differences (for example in metabolic processes
and related products excretion through the skin) between two people, the characteristics of
the optical sensor response, such as response time and intensity change at different wave‐
lengths, would be expected to be different. As shown in GC-MS and HPLC studies, variety of
compounds can be found from human skin at normal conditions, such as ammonia [43], carbon
monoxide [55], acetaldehyde [56], and acetone [42]. These compounds and many other
emanations that are constituents of body odor are believed to contribute into the optical spectra
of the EW sensor. Measurements using wider group of participants should be conducted, and
the physiological condition of the various individuals tested should be considered to clarify
the sensor response in more detail. Additionally, the response of the sensor to exposure to
particular VOCs should be charcaterised to enable qualitative and quantitative analysis of skin
gases.

3.2. Sensing based on tapered fibre optic sensors

A purpose-designed measurement chamber was used in order to characterise the tapered
optical fibre sensor performance. The tapered section of the optical fibre, coated with the
functional film, was inserted into the chamber. The desired gas concentrations were produced
using a two-arm flow system described elsewhere [18]. The dry compressed air that was used
as the carrier gas and ammonia gas of 100 ppm concentration were passed separately through
two flowmeters. The two flows were combined to produce the desired ammonia concentration
in the measurement chamber. The concentration could be controlled by adjusting the flow
rates of the ammonia and of the air.

The transmission spectrum was recorded with a 1 Hz update rate as the device was exposed
to a given ammonia concentration and subsequently flushed with dry air. The difference
spectrum was plotted by subtracting a spectrum measured at a given ammonia concentration
from the spectrum recorded in the presence of dry air. The baseline spectrum and sensor
response of each experiment were recorded by passing dry air through the measurement
chamber until the signal measured at a wavelength of 700 nm reached equilibrium.

The results are shown in Figure 11a–11d. As the ammonia concentration increased from 10
ppm up to 100 ppm, the intensity measured at 700 nm increased for the 10 μm and 12 μm
diameter optical fibre tapers (Figure 11b). Interaction of the ammonia molecule with TSPP
leads to the deprotonation of the pyrolle ring of TSPP and hence influences the electrostatic
interaction between the TSPP moieties in the PAH/TSPP film [18, 39]. Consequently, the
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can possibly be used for the separation of participants who have different physiological
conditions and different skin exhaling properties. The bigger distance between points in the S
sample is probably related to the more intensive VOCs emanation. In addition, skin gasses
were measured the day after alcohol consumption, and these points are added to the PCA plot.
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closed circles, S-open triangles).
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Figure 10. (a) Principal component analysis performed using the data measured at 25 wavelengths. Results measured
at relative humidity change (black, with an arrow indicating increase of relative humidity values); Sensor response in‐
duced by skin gas emanations from participant R (blue, arrow indicating increase of sampling time of human skin gas
emanation; i.e. attachment of the palm to the chamber containing the sensor, green point indicate the response one
day after alcohol consumption); and from participant S (red, arrow indicating increase of sampling time of human skin
gas emanation, magenta points show the response one day after alcohol consumption ). (b) PCA loadings.
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Those measurements were repeated several times and skin gas sampling was done for 5 min.
From the PCA plot, we can see that for the participant R, the points after consuming alcohol
lie very close to those of the normal physiological conditions. For participant S, the points after
consuming alcohol are located on the opposite side of the both principal component axes,
which might be a result of a considerable change in the skin gas content after consuming
alcohol. The obtained results further illustrate that the proposed sensor, combined with PCA
data analysis, could recognize human samples and humidified air. However, based on the data
gathered from only two persons, it is not possible to make a generalization on the behaviour
of the sensor and on its ability to distinguish physiological conditions. We can speculate,
however, that due to the normal physiological differences (for example in metabolic processes
and related products excretion through the skin) between two people, the characteristics of
the optical sensor response, such as response time and intensity change at different wave‐
lengths, would be expected to be different. As shown in GC-MS and HPLC studies, variety of
compounds can be found from human skin at normal conditions, such as ammonia [43], carbon
monoxide [55], acetaldehyde [56], and acetone [42]. These compounds and many other
emanations that are constituents of body odor are believed to contribute into the optical spectra
of the EW sensor. Measurements using wider group of participants should be conducted, and
the physiological condition of the various individuals tested should be considered to clarify
the sensor response in more detail. Additionally, the response of the sensor to exposure to
particular VOCs should be charcaterised to enable qualitative and quantitative analysis of skin
gases.

3.2. Sensing based on tapered fibre optic sensors

A purpose-designed measurement chamber was used in order to characterise the tapered
optical fibre sensor performance. The tapered section of the optical fibre, coated with the
functional film, was inserted into the chamber. The desired gas concentrations were produced
using a two-arm flow system described elsewhere [18]. The dry compressed air that was used
as the carrier gas and ammonia gas of 100 ppm concentration were passed separately through
two flowmeters. The two flows were combined to produce the desired ammonia concentration
in the measurement chamber. The concentration could be controlled by adjusting the flow
rates of the ammonia and of the air.

The transmission spectrum was recorded with a 1 Hz update rate as the device was exposed
to a given ammonia concentration and subsequently flushed with dry air. The difference
spectrum was plotted by subtracting a spectrum measured at a given ammonia concentration
from the spectrum recorded in the presence of dry air. The baseline spectrum and sensor
response of each experiment were recorded by passing dry air through the measurement
chamber until the signal measured at a wavelength of 700 nm reached equilibrium.

The results are shown in Figure 11a–11d. As the ammonia concentration increased from 10
ppm up to 100 ppm, the intensity measured at 700 nm increased for the 10 μm and 12 μm
diameter optical fibre tapers (Figure 11b). Interaction of the ammonia molecule with TSPP
leads to the deprotonation of the pyrolle ring of TSPP and hence influences the electrostatic
interaction between the TSPP moieties in the PAH/TSPP film [18, 39]. Consequently, the
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biggest change in absorbance is observed at 700 nm (Q band), which may be closely related to
the aggregation state of the TSPP molecules [20].

Interestingly, when measurements were conducted using the tapered fibres with 10 and 12
μm waist diameters, the channeled spectra did not exhibit a wavelength shift in response to
exposure to ammonia, suggesting that ammonia–induced RI change cannot be measured with
tapers of these diameters, possibly because the modes are tightly bound and the influence of
the modes’ evanescent field interaction with the coatings do not induce significant differential
changes in the propagation constants (Figure 11b). When the 9 μm diameter tapered fibre
coated with the (PAH/TSPP)5 film was exposed to ammonia, a red–shift of the spectral features
at 1000 and 1040 nm was observed that saturates with the increase of the concentration (Figure
11c). We can assume that the wavelength red–shift of the spectral features is caused by the
ammonia–induced change in the RI of the PAH/TSPP film. It should be noted that this change
is not continuous and saturation occurs between 0 and 50 ppm (Figure 11c). The 9 μm diameter
tapered fibre possesses higher sensitivity to RI change as compared to 10 and 12 μm diameter
tapered fibres. The absence of the intensity change at 700 nm can be explained by considering
the transmission spectrum of the 9 μm diameter tapered fibre obtained after deposition of the
5th bilayer of the PAH/TSPP film (data not shown); the optical power at 700 nm transmitted
to the spectrometer is very low, complicating the measurement of the small ammonia–induced
intensity change. We can conclude from these results that the wavelength shift near 1000 μm
observed in the transmission spectrum of the 9 μm diameter tapered fibre is sensitive to
ammonia-induced RI changes of the coating and the change in transmitted power near 700 nm
of the 10 and 12 μm tapered fibres can be used to monitor ammonia gas concentration.

Dynamic ammonia–induced changes of the tapered fibres with 10 and 12 μm waist diameters
coated with the (PAH/TSPP)5 film were monitored at 700 nm, as shown in Figure 11d. The
measurement principle for these waist diameters is based on evanescent wave spectroscopy.
The response time and recovery time (t90) of the sensor to increasing ammonia concentration
were within 100 sec and 240 sec, respectively. The sensitivity of the device derived from the
slope of the calibration curve is 0.440±0.002 mV/ppm and estimated limit of detection (LOD)
calculated using the 3σ method is 2±0.3 ppm (inset of Fig. 11d). It should be noted that
sensitivity of the proposed sensor is ca. 3 times higher as compared to the PDDA/TSPP film
assembled onto the quartz substrate (Korposh 2006). This is most plausibly a result of the
higher localized energy at the tapered region of the optical fibre and thus increased efficiency
of the interaction between the probe light and the functional film. On the other hand, the
sensitivity of the fabricated device was ca. 6 times lower than that of a multimode optical fibre
coated with the PDDA/TSPP film [18]. This can be attributed to the presence of TSPP in J-
aggregated form in higher concentration in the PDDA/TSPP film as compared to the PAH/
TSPP film used in this study. However, the presence of TSPP in different forms inside the PAH
film may allow the coating to exhibit sensitivity to different chemical compounds, thus
increasing the application range of the proposed sensor. This hypothesis will be thoroughly
explored in the future work. In addition, the tapered fibre may operate as both an evanescent
wave spectroscope and as a refractometer. Thus, in contrast to solely evanescent wave
spectroscopy, materials without absorbance features in the UV-vis range may be employed as
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sensitive layers, extending the utility of the chemical fibre optic sensors and the class of the
detectable analytes.

The fabricated device was exposed to varying relative humidity to study its effect on the sensor
response. When rH was reduced from 70 % to 10% and increased back to 70%, no significant
change in the transmission spectra was observed (Figures 12a and 12b) revealing selectivity of
the sensor to ammonia over rH. The immunity of the sensor to rH change is very important
for real-world practical applications where humidity is one of the major interfering parameters.
For example, ammonia detection in breath is highly important non-invasive diagnostic tool in
medicine [37], but highly challenging due to the high humidity present in breath. To-date, to
the best of our knowledge, there is no sensor with satisfactory sensitivity and selectivity for
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Figure 11. (a) Transmission difference spectra obtained by subtracting a spectrum measured in the 

100 ppm ammonia atmosphere from the spectrum measured in air with the tapered fibres of 9, 10, and 
12 m diameter modified with a (PAH/TSPP)5 film, (b) transmission difference spectra of the 10 m
tapered fibre measured at given ammonia concentrations from 10 to 100 ppm, (c) transmission spectra 
of the 9 m tapered fibre measured before and after 50 and 100 ppm ammonia exposures, and (d) 
dynamic responses of the 10 and 12 m diameter tapered fibres to the varying ammonia concentration 
(from 100 ppm to 10 ppm) recorded at 706 nm, where arrows indicate the admission time of ammonia 
and air into the measurement chamber. The inset of Figure 11(d) shows a calibration curve plotted 
from the difference spectra data taken at 706 nm: squares and circles show the data of the 10 and 12 
m diameter tapered fibres, respectively. 

Dynamic ammonia–induced changes of the tapered fibres with 10 and 12 m waist diameters 
coated with the (PAH/TSPP)5 film were monitored at 700 nm, as shown in Figure 11d. The 
measurement principle for these waist diameters is based on evanescent wave spectroscopy. The 
response time and recovery time (t90) of the sensor to increasing ammonia concentration were within 
100 sec and 240 sec, respectively. The sensitivity of the device derived from the slope of the 
calibration curve is 0.440±0.002 mV/ppm and estimated limit of detection (LOD) calculated using the 
3 method is 2±0.3 ppm (inset of Fig. 11d). It should be noted that sensitivity of the proposed sensor 
is ca. 3 times higher as compared to the PDDA/TSPP film assembled onto the quartz substrate 
(Korposh 2006). This is most plausibly a result of the higher localized energy at the tapered region of 
the optical fibre and thus increased efficiency of the interaction between the probe light and the 
functional film. On the other hand, the sensitivity of the fabricated device was ca. 6 times lower than 
that of a multimode optical fibre coated with the PDDA/TSPP film [18]. This can be attributed to the 
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Figure 11. (a) Transmission difference spectra obtained by subtracting a spectrum measured in the 100 ppm ammo‐
nia atmosphere from the spectrum measured in air with the tapered fibres of 9, 10, and 12 µm diameter modified
with a (PAH/TSPP)5 film, (b) transmission difference spectra of the 10 µm tapered fibre measured at given ammonia
concentrations from 10 to 100 ppm, (c) transmission spectra of the 9 µm tapered fibre measured before and after 50
and 100 ppm ammonia exposures, and (d) dynamic responses of the 10 and 12 µm diameter tapered fibres to the
varying ammonia concentration (from 100 ppm to 10 ppm) recorded at 706 nm, where arrows indicate the admission
time of ammonia and air into the measurement chamber. The inset of Figure 11(d) shows a calibration curve plotted
from the difference spectra data taken at 706 nm: squares and circles show the data of the 10 and 12 µm diameter
tapered fibres, respectively.
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biggest change in absorbance is observed at 700 nm (Q band), which may be closely related to
the aggregation state of the TSPP molecules [20].

Interestingly, when measurements were conducted using the tapered fibres with 10 and 12
μm waist diameters, the channeled spectra did not exhibit a wavelength shift in response to
exposure to ammonia, suggesting that ammonia–induced RI change cannot be measured with
tapers of these diameters, possibly because the modes are tightly bound and the influence of
the modes’ evanescent field interaction with the coatings do not induce significant differential
changes in the propagation constants (Figure 11b). When the 9 μm diameter tapered fibre
coated with the (PAH/TSPP)5 film was exposed to ammonia, a red–shift of the spectral features
at 1000 and 1040 nm was observed that saturates with the increase of the concentration (Figure
11c). We can assume that the wavelength red–shift of the spectral features is caused by the
ammonia–induced change in the RI of the PAH/TSPP film. It should be noted that this change
is not continuous and saturation occurs between 0 and 50 ppm (Figure 11c). The 9 μm diameter
tapered fibre possesses higher sensitivity to RI change as compared to 10 and 12 μm diameter
tapered fibres. The absence of the intensity change at 700 nm can be explained by considering
the transmission spectrum of the 9 μm diameter tapered fibre obtained after deposition of the
5th bilayer of the PAH/TSPP film (data not shown); the optical power at 700 nm transmitted
to the spectrometer is very low, complicating the measurement of the small ammonia–induced
intensity change. We can conclude from these results that the wavelength shift near 1000 μm
observed in the transmission spectrum of the 9 μm diameter tapered fibre is sensitive to
ammonia-induced RI changes of the coating and the change in transmitted power near 700 nm
of the 10 and 12 μm tapered fibres can be used to monitor ammonia gas concentration.

Dynamic ammonia–induced changes of the tapered fibres with 10 and 12 μm waist diameters
coated with the (PAH/TSPP)5 film were monitored at 700 nm, as shown in Figure 11d. The
measurement principle for these waist diameters is based on evanescent wave spectroscopy.
The response time and recovery time (t90) of the sensor to increasing ammonia concentration
were within 100 sec and 240 sec, respectively. The sensitivity of the device derived from the
slope of the calibration curve is 0.440±0.002 mV/ppm and estimated limit of detection (LOD)
calculated using the 3σ method is 2±0.3 ppm (inset of Fig. 11d). It should be noted that
sensitivity of the proposed sensor is ca. 3 times higher as compared to the PDDA/TSPP film
assembled onto the quartz substrate (Korposh 2006). This is most plausibly a result of the
higher localized energy at the tapered region of the optical fibre and thus increased efficiency
of the interaction between the probe light and the functional film. On the other hand, the
sensitivity of the fabricated device was ca. 6 times lower than that of a multimode optical fibre
coated with the PDDA/TSPP film [18]. This can be attributed to the presence of TSPP in J-
aggregated form in higher concentration in the PDDA/TSPP film as compared to the PAH/
TSPP film used in this study. However, the presence of TSPP in different forms inside the PAH
film may allow the coating to exhibit sensitivity to different chemical compounds, thus
increasing the application range of the proposed sensor. This hypothesis will be thoroughly
explored in the future work. In addition, the tapered fibre may operate as both an evanescent
wave spectroscope and as a refractometer. Thus, in contrast to solely evanescent wave
spectroscopy, materials without absorbance features in the UV-vis range may be employed as
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sensitive layers, extending the utility of the chemical fibre optic sensors and the class of the
detectable analytes.

The fabricated device was exposed to varying relative humidity to study its effect on the sensor
response. When rH was reduced from 70 % to 10% and increased back to 70%, no significant
change in the transmission spectra was observed (Figures 12a and 12b) revealing selectivity of
the sensor to ammonia over rH. The immunity of the sensor to rH change is very important
for real-world practical applications where humidity is one of the major interfering parameters.
For example, ammonia detection in breath is highly important non-invasive diagnostic tool in
medicine [37], but highly challenging due to the high humidity present in breath. To-date, to
the best of our knowledge, there is no sensor with satisfactory sensitivity and selectivity for
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from the difference spectra data taken at 706 nm: squares and circles show the data of the 10 and 12 
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the optical fibre and thus increased efficiency of the interaction between the probe light and the 
functional film. On the other hand, the sensitivity of the fabricated device was ca. 6 times lower than 
that of a multimode optical fibre coated with the PDDA/TSPP film [18]. This can be attributed to the 
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Figure 11. (a) Transmission difference spectra obtained by subtracting a spectrum measured in the 100 ppm ammo‐
nia atmosphere from the spectrum measured in air with the tapered fibres of 9, 10, and 12 µm diameter modified
with a (PAH/TSPP)5 film, (b) transmission difference spectra of the 10 µm tapered fibre measured at given ammonia
concentrations from 10 to 100 ppm, (c) transmission spectra of the 9 µm tapered fibre measured before and after 50
and 100 ppm ammonia exposures, and (d) dynamic responses of the 10 and 12 µm diameter tapered fibres to the
varying ammonia concentration (from 100 ppm to 10 ppm) recorded at 706 nm, where arrows indicate the admission
time of ammonia and air into the measurement chamber. The inset of Figure 11(d) shows a calibration curve plotted
from the difference spectra data taken at 706 nm: squares and circles show the data of the 10 and 12 µm diameter
tapered fibres, respectively.
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the detection of ammonia in breath. In our future study of the use of this sensor for ammonia
breath measurement, the cross-sensitivity to other gases will be investigated.

3.3. Sensing based on LPG fibre optic sensors

The sensitivity to ammonia in water of an LPG coated with a (PDDA/SiO2)10 film that was
infused with TSPP was characterized by sequential immersion of the coated LPG into ammonia
solutions with different concentrations (0.1, 1, 5 and 10 ppm). The lower ammonia concentra‐
tions were prepared by dilution of the stock solution of 28 wt%. In order to assess the stability
of the base line, the coated LPG was immersed several times into 150 μL of pure water. The
decrease of attenuation of the second resonance band, LP021, at 800 nm, indicates the partial
removal of the adsorbed TSPP molecules. The equilibrium state was achieved after several
exposures into water. For the ammonia detection, the LPG fibre was exposed into a 150 μL
ammonia solution of 0.1 ppm, followed by drying and immersion into ammonia solutions of
1, 5 and 10 ppm.

The response of the transmission spectrum to varying concentration of ammonia is shown in
Figure 13a. The dynamic response of the sensor was assessed by monitoring the transmission
at the centre of the LP021 resonance band at 800 nm. The response is shown in Figure 13b, where
“air” region and “H2O” and “NH3” regions correspond to the transmission recorded at 800 nm
after drying the LPG and immersing the device into water and ammonium solutions, respec‐
tively. After repeating the process of immersion in water and drying 4 times, the recorded
spectrum was stable, demonstrating the robustness and stability of the employed molecules
in aqueous environments (H2O regions indicated in Figure 13). On immersion in 1 ppm and 5
ppm ammonia solutions, the transmission measured at 800 nm increases. The transmission
when the coated LPG was immersed in a 10 ppm ammonia solution exhibits a further increase,
reaching a steady state within 100 s, as shown in Figure 13b. The resonance feature corre‐
sponding to coupling to the LP020 cladding mode exhibits additional small red shifts of 0.5 and

presence of TSPP in J-aggregated form in higher concentration in the PDDA/TSPP film as compared 
to the PAH/TSPP film used in this study. However, the presence of TSPP in different forms inside the 
PAH film may allow the coating to exhibit sensitivity to different chemical compounds, thus 
increasing the application range of the proposed sensor. This hypothesis will be thoroughly explored 
in the future work. In addition, the tapered fibre may operate as both an evanescent wave 
spectroscope and as a refractometer. Thus, in contrast to solely evanescent wave spectroscopy, 
materials without absorbance features in the UV-vis range may be employed as sensitive layers, 
extending the utility of the chemical fibre optic sensors and the class of the detectable analytes. 
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Figure 12. (a) Transmission spectra of the 10 m diameter tapered fibre modified with a 5-cycle 
PAH/TSPP film measured before and after change of the relative humidity and (b) dynamic responses 
of the 10 m diameter tapered fibre to the varying RH from 70 to 10 % and backwards recorded at 
706 nm, where lines indicate the admission time of dry air into the measurement chamber; line 1, 
sensor response; and line 2, RH change measured using humidity logger. 

The fabricated device was exposed to varying relative humidity to study its effect on the sensor 
response. When rH was reduced from 70 % to 10% and increased back to 70%, no significant change 
in the transmission spectra was observed (Figures 12a and 12b) revealing selectivity of the sensor to 
ammonia over rH. The immunity of the sensor to rH change is very important for real-world practical 
applications where humidity is one of the major interfering parameters. For example, ammonia 
detection in breath is highly important non-invasive diagnostic tool in medicine [37], but highly 
challenging due to the high humidity present in breath. To-date, to the best of our knowledge, there is 
no sensor with satisfactory sensitivity and selectivity for the detection of ammonia in breath. In our 
future study of the use of this sensor for ammonia breath measurement, the cross-sensitivity to other 
gases will be investigated. 

3.3 Sensing based on LPG fibre optic sensors 

The sensitivity to ammonia in water of an LPG coated with a (PDDA/SiO2)10 film that was 
infused with TSPP was characterized by sequential immersion of the coated LPG into ammonia 
solutions with different concentrations (0.1, 1, 5 and 10 ppm). The lower ammonia concentrations 
were prepared by dilution of the stock solution of 28 wt%. In order to assess the stability of the base 
line, the coated LPG was immersed several times into 150 L of pure water. The decrease of 
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the ammonia detection, the LPG fibre was exposed into a 150 L ammonia solution of 0.1 ppm, 
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Figure 12. (a) Transmission spectra of the 10 µm diameter tapered fibre modified with a 5-cycle PAH/TSPP film meas‐
ured before and after change of the relative humidity and (b) dynamic responses of the 10 µm diameter tapered fibre
to the varying RH from 70 to 10 % and backwards recorded at 706 nm, where lines indicate the admission time of dry
air into the measurement chamber; line 1, sensor response; and line 2, RH change measured using humidity logger.
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1.5 nm when subsequently immersed in solutions of 1 ppm and 10 ppm ammonia concentra‐
tion, respectively, along with decreases in amplitude, as shown in Figure 13a. The limit of
detection (LOD) for the 100 μm period LPG coated with a (PDDA/SiO2)10 film that was infused
with TSPP was 0.14 ppm and 2.5 ppm when transmission and wavelength shift were measured
respectively. The LOD was derived from the calibration curve and the using equation 3 [40].

Response of the sensor to ammonia gas was measured with ammonia vapor of different
concentrations generated from aqueous ammonia solutions in proximity to the modified LPG
sensor. Ammonia gas was generated by placing 100 μl of aqueous ammonia solution with
different concentrations into the measurement chamber. Concentrations of ammonia in the
gas phase were measured using ammonia detection gas tubes (GasTec, Japan) and compared
with the values of the corresponding solutions. The sensor response was recorded with a
resolution of 1 Hz.

The transmission spectrum was recorded with each analyte solution present in the chamber
before and after its removal. To regenerate the sensor response the optical fibre was washed
with water and flashed using nitrogen gas.

A linear increase in the separation of the 1st and 2nd bands in the TS was observed at the
exposure of the LPG coated with the PDDA/PAA to the increasing ammonia gas concentration,
Figures 15a and 15b. The sensitivity of the sensor was estimated to be 0.35 and 0.31 nm/ppm
for the 1st and 2nd resonance bands, respectively (Figure 15b). The limit of detection (LOD)
for both resonance bands was estimated to be 1.6 and 2.3 ppm (3σ = 0.47 nm), respectively. The
sensor response was fast and almost saturated within 5 min. Along with the wavelength shift,
both the extinction of both of the resonance bands also decreased in proportion to the increase
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Figure 13. (a) Transmission spectra of the LPG coated with a TSPP infused (PDDA/SiO2)10 film due to immersion into
water and into ammonia solutions of different concentrations: “H2O”, LPG exposed into water; “air”, LPG in air after
drying with N2 gas; “NH3 x ppm”, LPG exposed into a x ppm ammonia solution, where x = 0.1, 1, 5 and 10. (b) Dynamic
response to water and ammonia solutions (0.1, 1, 5 and 10 ppm) recorded at 800 nm; LP020 and LP021 are labelling the
linear polarized 020 and 021 modes, respectively.
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the detection of ammonia in breath. In our future study of the use of this sensor for ammonia
breath measurement, the cross-sensitivity to other gases will be investigated.

3.3. Sensing based on LPG fibre optic sensors

The sensitivity to ammonia in water of an LPG coated with a (PDDA/SiO2)10 film that was
infused with TSPP was characterized by sequential immersion of the coated LPG into ammonia
solutions with different concentrations (0.1, 1, 5 and 10 ppm). The lower ammonia concentra‐
tions were prepared by dilution of the stock solution of 28 wt%. In order to assess the stability
of the base line, the coated LPG was immersed several times into 150 μL of pure water. The
decrease of attenuation of the second resonance band, LP021, at 800 nm, indicates the partial
removal of the adsorbed TSPP molecules. The equilibrium state was achieved after several
exposures into water. For the ammonia detection, the LPG fibre was exposed into a 150 μL
ammonia solution of 0.1 ppm, followed by drying and immersion into ammonia solutions of
1, 5 and 10 ppm.

The response of the transmission spectrum to varying concentration of ammonia is shown in
Figure 13a. The dynamic response of the sensor was assessed by monitoring the transmission
at the centre of the LP021 resonance band at 800 nm. The response is shown in Figure 13b, where
“air” region and “H2O” and “NH3” regions correspond to the transmission recorded at 800 nm
after drying the LPG and immersing the device into water and ammonium solutions, respec‐
tively. After repeating the process of immersion in water and drying 4 times, the recorded
spectrum was stable, demonstrating the robustness and stability of the employed molecules
in aqueous environments (H2O regions indicated in Figure 13). On immersion in 1 ppm and 5
ppm ammonia solutions, the transmission measured at 800 nm increases. The transmission
when the coated LPG was immersed in a 10 ppm ammonia solution exhibits a further increase,
reaching a steady state within 100 s, as shown in Figure 13b. The resonance feature corre‐
sponding to coupling to the LP020 cladding mode exhibits additional small red shifts of 0.5 and

presence of TSPP in J-aggregated form in higher concentration in the PDDA/TSPP film as compared 
to the PAH/TSPP film used in this study. However, the presence of TSPP in different forms inside the 
PAH film may allow the coating to exhibit sensitivity to different chemical compounds, thus 
increasing the application range of the proposed sensor. This hypothesis will be thoroughly explored 
in the future work. In addition, the tapered fibre may operate as both an evanescent wave 
spectroscope and as a refractometer. Thus, in contrast to solely evanescent wave spectroscopy, 
materials without absorbance features in the UV-vis range may be employed as sensitive layers, 
extending the utility of the chemical fibre optic sensors and the class of the detectable analytes. 
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Figure 12. (a) Transmission spectra of the 10 m diameter tapered fibre modified with a 5-cycle 
PAH/TSPP film measured before and after change of the relative humidity and (b) dynamic responses 
of the 10 m diameter tapered fibre to the varying RH from 70 to 10 % and backwards recorded at 
706 nm, where lines indicate the admission time of dry air into the measurement chamber; line 1, 
sensor response; and line 2, RH change measured using humidity logger. 

The fabricated device was exposed to varying relative humidity to study its effect on the sensor 
response. When rH was reduced from 70 % to 10% and increased back to 70%, no significant change 
in the transmission spectra was observed (Figures 12a and 12b) revealing selectivity of the sensor to 
ammonia over rH. The immunity of the sensor to rH change is very important for real-world practical 
applications where humidity is one of the major interfering parameters. For example, ammonia 
detection in breath is highly important non-invasive diagnostic tool in medicine [37], but highly 
challenging due to the high humidity present in breath. To-date, to the best of our knowledge, there is 
no sensor with satisfactory sensitivity and selectivity for the detection of ammonia in breath. In our 
future study of the use of this sensor for ammonia breath measurement, the cross-sensitivity to other 
gases will be investigated. 

3.3 Sensing based on LPG fibre optic sensors 

The sensitivity to ammonia in water of an LPG coated with a (PDDA/SiO2)10 film that was 
infused with TSPP was characterized by sequential immersion of the coated LPG into ammonia 
solutions with different concentrations (0.1, 1, 5 and 10 ppm). The lower ammonia concentrations 
were prepared by dilution of the stock solution of 28 wt%. In order to assess the stability of the base 
line, the coated LPG was immersed several times into 150 L of pure water. The decrease of 
attenuation of the second resonance band, LP021, at 800 nm, indicates the partial removal of the 
adsorbed TSPP molecules. The equilibrium state was achieved after several exposures into water. For 
the ammonia detection, the LPG fibre was exposed into a 150 L ammonia solution of 0.1 ppm, 
followed by drying and immersion into ammonia solutions of 1, 5 and 10 ppm. 

500 600 700 800 900

0

500

1000

1500

2000

2500

3000  rH=10%
 rH=60%
 rH=10%

In
te

ns
ity

 / 
m

V

Wavelength / nm
0 100 200 300 400 500 600 700

-20

-15

-10

-5

0

5

10

0

10

20

30

40

50

60

70

80

rH-70%

1  700 nm

In
te

ni
sy

t /
 m

v

Time / sec

rH-70% rH-10%

2
2  RH change

 R
el

at
iv

e 
hu

m
id

ity
 / 

%

1

Figure 12. (a) Transmission spectra of the 10 µm diameter tapered fibre modified with a 5-cycle PAH/TSPP film meas‐
ured before and after change of the relative humidity and (b) dynamic responses of the 10 µm diameter tapered fibre
to the varying RH from 70 to 10 % and backwards recorded at 706 nm, where lines indicate the admission time of dry
air into the measurement chamber; line 1, sensor response; and line 2, RH change measured using humidity logger.
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1.5 nm when subsequently immersed in solutions of 1 ppm and 10 ppm ammonia concentra‐
tion, respectively, along with decreases in amplitude, as shown in Figure 13a. The limit of
detection (LOD) for the 100 μm period LPG coated with a (PDDA/SiO2)10 film that was infused
with TSPP was 0.14 ppm and 2.5 ppm when transmission and wavelength shift were measured
respectively. The LOD was derived from the calibration curve and the using equation 3 [40].

Response of the sensor to ammonia gas was measured with ammonia vapor of different
concentrations generated from aqueous ammonia solutions in proximity to the modified LPG
sensor. Ammonia gas was generated by placing 100 μl of aqueous ammonia solution with
different concentrations into the measurement chamber. Concentrations of ammonia in the
gas phase were measured using ammonia detection gas tubes (GasTec, Japan) and compared
with the values of the corresponding solutions. The sensor response was recorded with a
resolution of 1 Hz.

The transmission spectrum was recorded with each analyte solution present in the chamber
before and after its removal. To regenerate the sensor response the optical fibre was washed
with water and flashed using nitrogen gas.

A linear increase in the separation of the 1st and 2nd bands in the TS was observed at the
exposure of the LPG coated with the PDDA/PAA to the increasing ammonia gas concentration,
Figures 15a and 15b. The sensitivity of the sensor was estimated to be 0.35 and 0.31 nm/ppm
for the 1st and 2nd resonance bands, respectively (Figure 15b). The limit of detection (LOD)
for both resonance bands was estimated to be 1.6 and 2.3 ppm (3σ = 0.47 nm), respectively. The
sensor response was fast and almost saturated within 5 min. Along with the wavelength shift,
both the extinction of both of the resonance bands also decreased in proportion to the increase
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Figure 13. (a) Transmission spectra of the LPG coated with a TSPP infused (PDDA/SiO2)10 film due to immersion into
water and into ammonia solutions of different concentrations: “H2O”, LPG exposed into water; “air”, LPG in air after
drying with N2 gas; “NH3 x ppm”, LPG exposed into a x ppm ammonia solution, where x = 0.1, 1, 5 and 10. (b) Dynamic
response to water and ammonia solutions (0.1, 1, 5 and 10 ppm) recorded at 800 nm; LP020 and LP021 are labelling the
linear polarized 020 and 021 modes, respectively.
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of the ammonia gas concentration. Moreover, the sensor response could be easily regenerated
by washing the LPG sensor with water (data not shown).

To confirm the selectivity of the sensor, different analyte gases of amine and non-amine
compounds were tested (see Figure 15c). The sensor demonstrated higher sensitivity towards
amine compounds. It appears that the superior binding of the sensor to amine compounds is
assigned to the acid-base reaction between the functional moieties of PAA and the amine
compounds. Other parameters of the analytes such as molecular size, solubility to the film,
and equilibrium constant (pKa or pKb) can be significant factors to determine the selectivity
and additional examination is in progress.
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Figure 14. TS changes of the LPG fibre after deposition of PAA.

In order to demonstrate the capabilities and versatility of the coated optical fibre LPG in
chemical sensing, a PAH/SiO2 film was deposited onto the surface for the detection of the
organic compounds, namely aromatic carboxylic acids (ACAs, see Scheme 2). The LbL
procedure described above was employed for coating the LPG.

After deposition of the PAH/SiO2 film onto the LPG it was exposed to aqueous solutions of
ACAs in the range of 0.001–1000 μM of individual ACAs or their mixtures. All experiments
were conducted using the same sensor transducer. After exposure and measurement, the
substrate was washed in 0.1 wt% of aqueous ammonia in order to remove adsorbed analytes
from the PAH/SiO2 film.

For the detection of the chemical binding the LPG coated with the (PAH/SiO2)10 film was
exposed to different ACAs of concentration 10 μM in water, which lead to a significant change
in the TS, Figure 17a. The magnitude of the TS change at 825 nm differed according to the
number of carboxylic acid groups in the molecule, the molecular weights and the pKa values
of the ACAs. The largest change was observed when the coated LPG was exposed to mellitic
acid (MA), as shown in Figures 16a and 16b. As MA has the biggest molecular weight and the
highest number of the functional group, suggesting the efficient binding to the amino func‐
tional groups of PAH. The response of phthalic acid (PA) is higher than that of BA. These
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results suggest that the sensitivity of the sensor depends additionally on the number of the
functional group and increases in the order of MA >> PA > BA (Figures 16a and 16b). It should
be noted that, when MA binds to the PAH, the sensor response cannot be regenerated simply
by water washing (see “H2O” after MA exposure in Figure 17b). The sensor response can be
perfectly recovered, however, using 0.1 wt% NH3 aqueous solution for 10 min (see areas
marked with “*” in Figures 16b and 16c).

The adsorption of the ACAs in the PAH/SiO2 film can be described using a Langmuir adsorp‐
tion curve. The calculated binding constant of BA to the PAH/SiO2 film is estimated to be 1.36
± 0.01×106 M-1. The lowest measurable concentration was 1 nM when MA was used, with a
binding constant of 5.6 ± 0.01×108 M-1
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Figure 15. (a) TS changes of the 2nd resonance band of the LPG fibre with a 7-cycle PDDA/PAA film at the exposure
to different concentrations of ammonia gas. (b) Ammonia concentration dependence of the 7-cycle PDDA/PAA film
coated LPG fibre on wavelength shifts at 654 and 848 nm. (c) TS changes of the LPG fibre modified with a 7-cycle
PDDA/PAA film at the exposure to 100 ppm ammonia gas (estimated from the calibration curve of Figure 15b) and to
saturated amine and non-amine gases.
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of the ammonia gas concentration. Moreover, the sensor response could be easily regenerated
by washing the LPG sensor with water (data not shown).

To confirm the selectivity of the sensor, different analyte gases of amine and non-amine
compounds were tested (see Figure 15c). The sensor demonstrated higher sensitivity towards
amine compounds. It appears that the superior binding of the sensor to amine compounds is
assigned to the acid-base reaction between the functional moieties of PAA and the amine
compounds. Other parameters of the analytes such as molecular size, solubility to the film,
and equilibrium constant (pKa or pKb) can be significant factors to determine the selectivity
and additional examination is in progress.
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In order to demonstrate the capabilities and versatility of the coated optical fibre LPG in
chemical sensing, a PAH/SiO2 film was deposited onto the surface for the detection of the
organic compounds, namely aromatic carboxylic acids (ACAs, see Scheme 2). The LbL
procedure described above was employed for coating the LPG.

After deposition of the PAH/SiO2 film onto the LPG it was exposed to aqueous solutions of
ACAs in the range of 0.001–1000 μM of individual ACAs or their mixtures. All experiments
were conducted using the same sensor transducer. After exposure and measurement, the
substrate was washed in 0.1 wt% of aqueous ammonia in order to remove adsorbed analytes
from the PAH/SiO2 film.

For the detection of the chemical binding the LPG coated with the (PAH/SiO2)10 film was
exposed to different ACAs of concentration 10 μM in water, which lead to a significant change
in the TS, Figure 17a. The magnitude of the TS change at 825 nm differed according to the
number of carboxylic acid groups in the molecule, the molecular weights and the pKa values
of the ACAs. The largest change was observed when the coated LPG was exposed to mellitic
acid (MA), as shown in Figures 16a and 16b. As MA has the biggest molecular weight and the
highest number of the functional group, suggesting the efficient binding to the amino func‐
tional groups of PAH. The response of phthalic acid (PA) is higher than that of BA. These
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results suggest that the sensitivity of the sensor depends additionally on the number of the
functional group and increases in the order of MA >> PA > BA (Figures 16a and 16b). It should
be noted that, when MA binds to the PAH, the sensor response cannot be regenerated simply
by water washing (see “H2O” after MA exposure in Figure 17b). The sensor response can be
perfectly recovered, however, using 0.1 wt% NH3 aqueous solution for 10 min (see areas
marked with “*” in Figures 16b and 16c).

The adsorption of the ACAs in the PAH/SiO2 film can be described using a Langmuir adsorp‐
tion curve. The calculated binding constant of BA to the PAH/SiO2 film is estimated to be 1.36
± 0.01×106 M-1. The lowest measurable concentration was 1 nM when MA was used, with a
binding constant of 5.6 ± 0.01×108 M-1
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Figure 15. (a) TS changes of the 2nd resonance band of the LPG fibre with a 7-cycle PDDA/PAA film at the exposure
to different concentrations of ammonia gas. (b) Ammonia concentration dependence of the 7-cycle PDDA/PAA film
coated LPG fibre on wavelength shifts at 654 and 848 nm. (c) TS changes of the LPG fibre modified with a 7-cycle
PDDA/PAA film at the exposure to 100 ppm ammonia gas (estimated from the calibration curve of Figure 15b) and to
saturated amine and non-amine gases.
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4. Summary

In summary, in this chapter fibre-optic sensors based on different measurement principles
were coated with the nano-assembled thin films for the detection of various chemical com‐
pounds. When of the different fibre optic sensor designs were characterised for their response
to ammonia gas, the highest sensitivity was observed when EWFOS was coated with the
porphyrin based film, showing an LOD of 0.9 ppm. The coated LPG had an LOD of 1.6 ppm
and the tapered fibre has an LOD of 2 ppm. The high sensitivity of the EWFOS makes it a
promising device for medical applications where there is a requirement of measure low
concentrations of specific chemical compounds. The possibility of employing EWFOS for
medical diagnosis was explored in the example of skin emanation measurements. In solution,
the LOD of LPG sensor was as low as 0.14 ppm for ammonia and the lowest measurable
concentration for mellitic acid was 1 nM. From a practical point of view, the EWFOS are limited
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to the materials with the strong absorption features, while tapered and LPGs fibres can be
modified with the wider class of materials, including transparent materials. In addition,
tapered and LPGs fibres offer wavelength-encoded information, which overcomes the
referencing issues associated with intensity based approaches. Moreover, LPGs owing to the
multiplexing capabilities enable sensor design for multi-analyte detection using a single optical
fibre. Our future work will focus on the creation of multi-analyte detection systems in which
the number of individual gratings with the characteristic grating period inscribed in the single
optical fibre will be chemically modified for sensitive detection of targeted analytes.
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4. Summary

In summary, in this chapter fibre-optic sensors based on different measurement principles
were coated with the nano-assembled thin films for the detection of various chemical com‐
pounds. When of the different fibre optic sensor designs were characterised for their response
to ammonia gas, the highest sensitivity was observed when EWFOS was coated with the
porphyrin based film, showing an LOD of 0.9 ppm. The coated LPG had an LOD of 1.6 ppm
and the tapered fibre has an LOD of 2 ppm. The high sensitivity of the EWFOS makes it a
promising device for medical applications where there is a requirement of measure low
concentrations of specific chemical compounds. The possibility of employing EWFOS for
medical diagnosis was explored in the example of skin emanation measurements. In solution,
the LOD of LPG sensor was as low as 0.14 ppm for ammonia and the lowest measurable
concentration for mellitic acid was 1 nM. From a practical point of view, the EWFOS are limited
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to the materials with the strong absorption features, while tapered and LPGs fibres can be
modified with the wider class of materials, including transparent materials. In addition,
tapered and LPGs fibres offer wavelength-encoded information, which overcomes the
referencing issues associated with intensity based approaches. Moreover, LPGs owing to the
multiplexing capabilities enable sensor design for multi-analyte detection using a single optical
fibre. Our future work will focus on the creation of multi-analyte detection systems in which
the number of individual gratings with the characteristic grating period inscribed in the single
optical fibre will be chemically modified for sensitive detection of targeted analytes.
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Figure 16. (a) Evolution of the transmission spectra due to the exposure of the optical fibre LPG coated with a
(PAH/SiO2)10 film to 10 µM of different ACAs and (b) time-dependence of the transmission measured at 825 nm; “air”
arrow indicates signal measured in air, corresponding to spectra 1 in Figure 16a. (c) Transmission spectra measured in
water after exposure to ACAs and washing step using NH3 (aq); inset shows magnified LP020 resonance band.
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1. Introduction

1.1. Introduction to optical fiber sensors

When the light interacts with matter, some effects are produced that do not affect to electron
levels of atoms, and consequently, they do not introduce changes in the light wavelength. Thus,
the light is reflected, absorbed, scattered, and transmitted with the original wavelength (λ1).
Absorbed light can produce changes over the electron levels of some molecules, causing a new
emission of light (luminescence), with larger wavelength (λ2) than the original. All these
phenomena are shown in Figure 1.
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Figure 1. Some phenomena caused by the light-matter interaction.

In addition, other changes can appear, such as light polarization or modification of polarization
angle of light. Thus, in a general way, the matter modifies the properties of light (direction,
intensity, wavelength and/or polarization).
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When the modification of light properties depends on one of the characteristics of the matter,
that change can be used to quantify this characteristic, obtaining an optical sensor.

Optical fibers guide the light from excitation source to the sensing area and from the sensing
area to the optical detector. During this path, the light hardly suffers any attenuation, and the
addition of other sources of optical noise is reduced. So, optical fibers produce a large im‐
provement of Signal-to-Noise Ratio (S/N) in relation to optical sensors without optical fibers.

Besides, optical fibers guide the exciting, the reflected, the scattered, the emitted, and the
transmitted light through examining places which would be otherwise difficult to access,
making optical fibers quite useful in medicine or biology. It also avoids the need for equipment
to be in the vicinity of substance to be measured, which is very interesting for remote operation
[30,36,37,48].

Moreover, it is feasible to place several sensors (similar or different) in diverse places along
the same optical fiber, obtaining a real sensor network. Several methods for multiplexing
excitation signals and demultiplexing signals produced by sensors are available in the domain
of time, frequency or light spectrum.

2. Principles of operation and optical fiber measurement systems

The operation of optical fiber sensors requires a light source for exciting the fiber system –
including the optical sensor– and a photo detector to read the light emitted by sensing area
that includes information about the X, the variable of interest. There are several options for the
connection of light source and photo detector as is shown in Figure 2.
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Photodetector

Photodetector
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Figure 2. Schemes of possible connections between light source, sensing area and photo detector: (a) bifurcated opti‐
cal fibers and sensor in the end of fiber; (b) individual fiber with semi-transparent mirror and sensing area in the end
of the fiber; (c) individual fiber with sensing area inside the fiber.

Moreover, there are two different types of optical fiber sensor in function of the interaction
between the variable, to be measured, and the light: intrinsic and extrinsic sensors.
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In intrinsic sensors, the fiber has two functions: first, it is the guiding for exciting and emitting
light, and second, the fiber is the transducer. In this case, the variable to be measured modifies
some properties of fiber, such as the refraction index or the absorption coefficient (Figure 3).
Depending on the magnitude of that variable, the final change of the transmitted radiation
will vary, as it happens in evanescence sensors. [13,28].
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Power supply of 
excitation source Optical fibers

EXCITATION LIGHT      L

Sensing area

Variable to be measured   X

MODULATED LIGHT      L (X) Optical transducer

Conditioning circuit

Control and processing system

Figure 3. Diagram of the complete intrinsic optical sensor system.

Furthermore, extrinsic sensors use the optical fiber to guide the exciting light from the source
to sensing area (outside the optical fiber), and the emitting light, from sensing area to the photo
detector (see Figure 4).
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Figure 4. Types of extrinsic optical sensor based on modulation of the light technique: (a) the measured variable pro‐
duces direct modulation of light; (b) the measured variable, X, produce a change in another variable Y of a sensor, and
Y modulates the light.

Sometimes, the observed variable can modulate the light (Figure 4a) but, usually the interaction
takes place by means of a specific sensor (Figure 4b) that acts as an interface between the
variable X and the optical fiber [41].

For all the above cases, the resulting light contains information about the variable X, that is,
the light has been modulated by X. The modulation can modify one or more light character‐
istic parameters, such as intensity, wavelength, polarization angle, phase or time delay. The
type  of  modulation  determines  the  light  source,  the  photo  detector,  and  the  detection
procedure [31].
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2.1. Measurement based on light intensity

The light intensity is the simplest solution for most of optical fiber sensors and can be used for
all cases of Figure 1. However, the use of light intensity introduces some problems in meas‐
urement processes because the light intensity is also sensible to other variables. This fact causes
both perturbation and noise, and reduces the accuracy of measurement.

The effect of noise could be very important in extrinsic sensors (Figure 4) because the light
must leave the optical fiber to reach the sensor, and return into the fiber. During the external
path of light, optical noise could be added to the signal, reducing the S/N ratio. Optical filters
between the fiber end and the photo detector can increase this ratio by reducing the presence
of external sources of light. In addition, the use of a DC source for exciting must be substituted
by a fixed frequency source and a narrow band-pass filter after the photodetection to reduce
the bandwidth and to increase de S/N ratio. The use of synchronic switched-capacitor filters
for both, excitation and received signals, improves the operation of the system because it
provides large stability of central frequency [21]. All these solutions are shown in the block
diagram of Figure 5.

Light source Photodetector

Bifurcated optical 
fiber

Optical sensorX

Optical noise

l1

(l3)
l2

l2

l3
l2

Optical filter
(l2)

Driver for 
light 

source

BP Filter 1
fC

BP Filter 2
fC

Conditioning 
circuit

Fixed 
frequency
oscillator

Reference clock for 
switched-capacitor filters

Output signal

l1

l1

Figure 5. General idea of a light intensity measurement system based upon an optical fiber extrinsic sensor with bifur‐
cated fibers. In case of sensors without modification in wavelength, the emission of sensor has the same wavelength
that exciting light (λ1= λ2).

Perturbation  of  light  intensity  has  a  lot  of  causes:  changes  in  light  source,  optical  fiber
couplings  (source-to-fiber,  fiber-to-sensor,  fiber-to-photo  detector),  and  changes  in  the
attenuation of fiber due to curvature, optical fiber length, etc. To prevent the effect of unknown
changes in the characteristics of light path in luminescence sensors, it is possible to use a
reference signal such as part of the exciting light reflected in optical sensor. The final design
is similar to the system in Figure 5, but it uses a tri-furcated optical fiber and two photo
detectors,  one for the optical sensor emission, and other one for the reflected light from
exciting signal (Figure 6).
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Figure 6. Diagram of the extrinsic optical sensor system with ratiometric measurement to avoid light interferences.

In Figure 6, I1 is the intensity produced by the excitation source, A1 is the attenuation coefficient
from source to optical sensor, A2 is the attenuation coefficient from optical sensor to each photo
detector, and k is the reflection coefficient in the optical sensor. The processor can evaluate
these coefficients by means of the reference signal at wavelength λ1, and obtain the sensor
response at wavelength λ2, S(X).

2.2. Time domain and frequency domain measurements

The responses of luminescence sensors produce two different measurable effects. The first one
is the steady state value of intensity of emitted light that can be processed as is shown in the
above point. However, the dynamic response of the optical sensor to a pulse excitation is
similar to the plot of Figure 7a, where this response is characterized by the time constant of a
mono-exponential decay (in a first approximation). This time constant τ, is dependent on the
value of the variable of interest, X.

Light intensity and time constant can be used for measurement purposes, but the time constant
has a better instrumental behavior [20,23] because the total uncertainty of the measuring
instrument is considerably reduced.

However, the analysis is not simple because the emitted light has additional dependences such
as the time constant of excitation pulse, the distortions of efficiency of optical sensor and the
dynamic response of photo detector.

In the other hand, when the optical response of sensor has a dynamic behavior dependent on
the input variable X through its time constant, that is, τ = f(X), this time constant can be
evaluated in both, time and frequency domain, because the dependence can be obtained by
means of the calculation of his time constant (Figure 7a), or by means of the phase delay in the
frequency domain. In the last case, the excitation source is a light with DC + AC components
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[1,36], where the alternate signal has a frequency around the one corresponding the time
constant of the optical sensor.

The sensor response is a signal with the same excitation frequency, but with a phase delay, φ
(Figure 7b) depending on emission time constant τ, by following:

τ(X )= 1
2πf tan (φ) (1)

Where f is the excitation frequency.
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Figure 7. Responses of the luminescence sensor to: (a) a pulse light; (b) a sinusoidal light.

This measurement strategy is very useful for optical sensors with extremely short values of
time constant (less than 1 ns), which is very interesting in some fluorescent sensors [17].

2.3. Design considerations of measurement systems based on optical fibers

There is not a universal solution for critical devices in the topologies of optical fiber sensors,
because each type of measurement strategy forces the specifications and the requirements for
those devices. The measurement system is constituted by the source for exciting light, the
optical fibers, and the photo detectors. All these devices must be selected for matching the
wavelength spectra of involved phenomena, and according to the measurement strategies.
Thus, excitation source must cover the excitation band of the optical sensor; the optical fibers
should introduce low attenuation in the involved wavelengths; and the photo detector device
has to process all the light emitted by the optical sensor.

Optical filters could be included in the design to guarantee removing the excessive band pass,
and to ensure enough noise reduction without decrease the signal power. In the case of optical
sensors with wide spectrum sensitivity, too narrow optical filters allow us a heavy reduction
of optical noise, but the use of them implies the decrease of the total light power, resulting in
a poor S/N ratio.

The choice of source for exciting light depends on measurement type (intensity, and time or
frequency domain). For intensity and frequency domain measurement, the source must
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produce a DC+AC light signal. The operation frequency of AC component does not have
important restrictions in the case of intensity, but must be properly selected for frequency
domain operation, according to the expected time delay produced by the sensor response.
LEDs and laser diodes (LDs) are excellent solutions for these applications. Pulsating sources
are the right selection for time domain measurement; in this case, the total energy of pulse and
its duration are the most important parameters that must be taking into account in the design
process. Pulse lasers are the best choice for this kind of measurement, because it is possible to
obtain extremely short pulses. Other solutions, such as short-arc pulse lamps (Xe, H2, etc.)
could be used in a design [4], but they have some inconvenient: they cannot concentrate the
light into the fiber tip and, consequently, need additional –and expensive– optical systems
(parabolic mirrors, lenses… ) to do it. Moreover, pulse lamps are used to produce wide
emission spectrum, forcing the addition of optical filters to reduce the complete spectrum, and
to adequate it to the wavelength band.

The photo detector is the device that provides an electrical signal in function on received light
signal; its choice is quite similar to the selection of excitation source, because it must have a
spectral response including the emission spectrum. Too wide spectral response would include
undesirable optical noise, and narrow spectral response reduces the total power of desirable
signal; in both cases, the effect becomes negative for S/N ratio.

A common solution for photo detector is the photodiode, a low-volume, low-cost, and versatile
device valid for most of applications. However, photodiodes have high noise generation, large
dark current, poor sensitivity, and parameter dependence on temperature. Solutions such as
avalanche photodiodes (APDs) increase the sensitivity [2], but include additional noise
(avalanche noise) and increase the sensitivity dependence on temperature. Sometimes,
photodiodes and APDs should be refrigerated to keep a constant temperature by means of
Peltier cells and control closed loops for temperature [39]. When the emission level is low
(power signal is similar to noise equivalent power (NEP), photodiodes do not have enough
sensitivity or introduce intolerable noise level. In these cases, a photomultiplier Tube (PMT)
must be used, to guarantee a good behavior of light to electrical signal conversion. In the past,
PMTs are complex, expensive; they have a large volume and need high voltage power sources.
But, in the present, they are compact solutions, with low voltage supply (5 or 12 V), and
reasonable cost. PMTs provides low dark current, produces low noise, and have high sensi‐
tivity, being an excellent solution for most of optical fiber sensor based on luminescence
phenomenon.

3. Chemical sensors that uses optical fibers

A chemical sensor is a device that can be used for measurement the activity or concentration
of chemical specie (analyte) in a sample. It is constituted by two stages [24]. The first stage
indentifies and interacts with analyte, and the second one is a transducer, coupled to the first
stage (Figure 9).
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time constant (less than 1 ns), which is very interesting in some fluorescent sensors [17].

2.3. Design considerations of measurement systems based on optical fibers

There is not a universal solution for critical devices in the topologies of optical fiber sensors,
because each type of measurement strategy forces the specifications and the requirements for
those devices. The measurement system is constituted by the source for exciting light, the
optical fibers, and the photo detectors. All these devices must be selected for matching the
wavelength spectra of involved phenomena, and according to the measurement strategies.
Thus, excitation source must cover the excitation band of the optical sensor; the optical fibers
should introduce low attenuation in the involved wavelengths; and the photo detector device
has to process all the light emitted by the optical sensor.

Optical filters could be included in the design to guarantee removing the excessive band pass,
and to ensure enough noise reduction without decrease the signal power. In the case of optical
sensors with wide spectrum sensitivity, too narrow optical filters allow us a heavy reduction
of optical noise, but the use of them implies the decrease of the total light power, resulting in
a poor S/N ratio.

The choice of source for exciting light depends on measurement type (intensity, and time or
frequency domain). For intensity and frequency domain measurement, the source must
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produce a DC+AC light signal. The operation frequency of AC component does not have
important restrictions in the case of intensity, but must be properly selected for frequency
domain operation, according to the expected time delay produced by the sensor response.
LEDs and laser diodes (LDs) are excellent solutions for these applications. Pulsating sources
are the right selection for time domain measurement; in this case, the total energy of pulse and
its duration are the most important parameters that must be taking into account in the design
process. Pulse lasers are the best choice for this kind of measurement, because it is possible to
obtain extremely short pulses. Other solutions, such as short-arc pulse lamps (Xe, H2, etc.)
could be used in a design [4], but they have some inconvenient: they cannot concentrate the
light into the fiber tip and, consequently, need additional –and expensive– optical systems
(parabolic mirrors, lenses… ) to do it. Moreover, pulse lamps are used to produce wide
emission spectrum, forcing the addition of optical filters to reduce the complete spectrum, and
to adequate it to the wavelength band.

The photo detector is the device that provides an electrical signal in function on received light
signal; its choice is quite similar to the selection of excitation source, because it must have a
spectral response including the emission spectrum. Too wide spectral response would include
undesirable optical noise, and narrow spectral response reduces the total power of desirable
signal; in both cases, the effect becomes negative for S/N ratio.

A common solution for photo detector is the photodiode, a low-volume, low-cost, and versatile
device valid for most of applications. However, photodiodes have high noise generation, large
dark current, poor sensitivity, and parameter dependence on temperature. Solutions such as
avalanche photodiodes (APDs) increase the sensitivity [2], but include additional noise
(avalanche noise) and increase the sensitivity dependence on temperature. Sometimes,
photodiodes and APDs should be refrigerated to keep a constant temperature by means of
Peltier cells and control closed loops for temperature [39]. When the emission level is low
(power signal is similar to noise equivalent power (NEP), photodiodes do not have enough
sensitivity or introduce intolerable noise level. In these cases, a photomultiplier Tube (PMT)
must be used, to guarantee a good behavior of light to electrical signal conversion. In the past,
PMTs are complex, expensive; they have a large volume and need high voltage power sources.
But, in the present, they are compact solutions, with low voltage supply (5 or 12 V), and
reasonable cost. PMTs provides low dark current, produces low noise, and have high sensi‐
tivity, being an excellent solution for most of optical fiber sensor based on luminescence
phenomenon.

3. Chemical sensors that uses optical fibers

A chemical sensor is a device that can be used for measurement the activity or concentration
of chemical specie (analyte) in a sample. It is constituted by two stages [24]. The first stage
indentifies and interacts with analyte, and the second one is a transducer, coupled to the first
stage (Figure 9).
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Figure 8. A chemical sensor: (a) sample and sensor; (b) the chemical sensor identifies the analyte, and generates a
physical signal.

When the identification stage interacts with the analyte produces changes in its properties
(emission and/or absorption of light, electrostatics changes, vibrations, chemical reactions,
etc.), that is detected by transducer stage to generate an analytical signal [25,26].

Optical sensors are a type of chemical sensors that provides an optical response depending on
analyte concentration in a sample, and they can classify in function of the optical property that
has been measured: absorbance, reflectance, fluorescence, phosphorescence, luminescence,
Raman dispersion, evanescence, refraction index, etc. When optical fibers are added to these
sensors, it is possible to use the fibers for light signal transmission, obtaining an optrode [32].

3.1. Absorbance, transmittance, scattering and reflectance measurements

Light to matter interaction has been above explained (Figure 1), founding various phenomena
that modify the properties of exciting (incident) light without changes in its wavelength. For
several cases, the behavior of the light in this interaction depends on some characteristics of
matter and, consequently, it could be used to identify those characteristics. Thus, the meas‐
urement of the light reflected, absorbed, scattered or transmitted is a way for detection or
quantification of a property which is able to produce a change in the light.

In transparent media, absorbance and transmittance measurements are closely related because
the rest of effects are negligible; consequently, they produce similar results. Absorbance can
be used to identify some substances (atoms or molecules) in a medium, because each substance
has a specific absorption spectrum. However, a simple quantification in any environment
becomes very complex, because there will be more than one chemical specimen in the medium.
So, a valid identification and/or quantification require a detailed study of a portion of spec‐
trum. Absorption spectrometry is the technique that can identify and/or quantify the causes
of the resulting spectrum, and it involves complex mathematical process and statistical
analysis [45].

But, optical sensors based upon absorption are designed for specific analysis, usually in a
particular and controlled medium. Hence, these sensors use a small number of wavelengths
(even, one specific wavelength), and quantify the change on light intensity when the incident
light runs through the sample [7]. By a similar way, reflectance sensors are also designed for
specific analysis in opaque or low transparent substances (Figure 10).
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Figure 9. Abortion, transmission and reflection performance of the light: (a) in a transparent medium; (b) to face opa‐
que medium.

In the case of absorbance, the relationship between incident and transmitted light at a specific
wavelength can be expressed by means the absorption coefficient, Aλ,

Aλ = ln 
I0

I1
(2)

When this coefficient Aλ is a function of a chemical or physical parameter of medium, it is
possible to use the change in intensity to quantify it, obtaining an absorbance sensor. Usually,
that function is not simple and the instrumental design requires an empirical procedure to
reach the static transfer curve. Aλ depends on length of optical path through the sample; this
fact can be used for adjusting the instrumental sensitivity according to the excitation source
and photo detector device.

In the case of reflectance, the hemispherical coefficient of reflectance, ρλ, for a wavelength λ,
is defined as follows,

ρλ =
I0

I1
(3)

This coefficient depends on obvious physical parameters, and sometimes also includes
information about the presence of quantity of a specific substance. Thus, the reflectance can
be used as an instrumental parameter in the design of a sensor for that substance. As the
previous case, a large number of variables can affect the value of reflectance coefficient and an
experimental calibration process must be carried out to obtain the static transfer curve.

Scattering light is only used for detection of some physical parameters, such as liquid turbidity
[38] or smoke detection, and it is not usual in neither chemical nor biological measurements.

3.2. Fluorescence and phosphorescence measurements

Fluorescence and phosphorescence are two of processes of a photo-luminescence molecule. It
absorbs UV or visible radiation to increase the energy level from a fundamental singlet state
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Figure 8. A chemical sensor: (a) sample and sensor; (b) the chemical sensor identifies the analyte, and generates a
physical signal.

When the identification stage interacts with the analyte produces changes in its properties
(emission and/or absorption of light, electrostatics changes, vibrations, chemical reactions,
etc.), that is detected by transducer stage to generate an analytical signal [25,26].

Optical sensors are a type of chemical sensors that provides an optical response depending on
analyte concentration in a sample, and they can classify in function of the optical property that
has been measured: absorbance, reflectance, fluorescence, phosphorescence, luminescence,
Raman dispersion, evanescence, refraction index, etc. When optical fibers are added to these
sensors, it is possible to use the fibers for light signal transmission, obtaining an optrode [32].

3.1. Absorbance, transmittance, scattering and reflectance measurements

Light to matter interaction has been above explained (Figure 1), founding various phenomena
that modify the properties of exciting (incident) light without changes in its wavelength. For
several cases, the behavior of the light in this interaction depends on some characteristics of
matter and, consequently, it could be used to identify those characteristics. Thus, the meas‐
urement of the light reflected, absorbed, scattered or transmitted is a way for detection or
quantification of a property which is able to produce a change in the light.

In transparent media, absorbance and transmittance measurements are closely related because
the rest of effects are negligible; consequently, they produce similar results. Absorbance can
be used to identify some substances (atoms or molecules) in a medium, because each substance
has a specific absorption spectrum. However, a simple quantification in any environment
becomes very complex, because there will be more than one chemical specimen in the medium.
So, a valid identification and/or quantification require a detailed study of a portion of spec‐
trum. Absorption spectrometry is the technique that can identify and/or quantify the causes
of the resulting spectrum, and it involves complex mathematical process and statistical
analysis [45].

But, optical sensors based upon absorption are designed for specific analysis, usually in a
particular and controlled medium. Hence, these sensors use a small number of wavelengths
(even, one specific wavelength), and quantify the change on light intensity when the incident
light runs through the sample [7]. By a similar way, reflectance sensors are also designed for
specific analysis in opaque or low transparent substances (Figure 10).
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In the case of absorbance, the relationship between incident and transmitted light at a specific
wavelength can be expressed by means the absorption coefficient, Aλ,

Aλ = ln 
I0

I1
(2)

When this coefficient Aλ is a function of a chemical or physical parameter of medium, it is
possible to use the change in intensity to quantify it, obtaining an absorbance sensor. Usually,
that function is not simple and the instrumental design requires an empirical procedure to
reach the static transfer curve. Aλ depends on length of optical path through the sample; this
fact can be used for adjusting the instrumental sensitivity according to the excitation source
and photo detector device.

In the case of reflectance, the hemispherical coefficient of reflectance, ρλ, for a wavelength λ,
is defined as follows,

ρλ =
I0

I1
(3)

This coefficient depends on obvious physical parameters, and sometimes also includes
information about the presence of quantity of a specific substance. Thus, the reflectance can
be used as an instrumental parameter in the design of a sensor for that substance. As the
previous case, a large number of variables can affect the value of reflectance coefficient and an
experimental calibration process must be carried out to obtain the static transfer curve.

Scattering light is only used for detection of some physical parameters, such as liquid turbidity
[38] or smoke detection, and it is not usual in neither chemical nor biological measurements.

3.2. Fluorescence and phosphorescence measurements

Fluorescence and phosphorescence are two of processes of a photo-luminescence molecule. It
absorbs UV or visible radiation to increase the energy level from a fundamental singlet state
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S0 to excited electronic singlet states S1, as is shown in the Jablonsky diagram of Figure 11. Some
low energy changes can occur from this new fundamental state S1 to near energy levels
produced by vibrational relaxation, without radiation emission. When the molecule returns
to the original singlet state S0, can emit a radiation with a longer wavelength than the absorbed
radiation; this emission is known as fluorescence. But, the molecule can also return to the
original state S0 through non-radiant transition (vibrational relaxation, internal conversion,
external conversion, and intersystem crossing). The most likely path to the fundamental state
S0 will be one that minimizes the mean timelife of the excited state.
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Figure 10. Jablonsky diagram for luminescence processes. Thick lines are fundamental states and fine lines corre‐
spond to vibrational states associated to a fundamental state.

Intersystem crossing is an unusual phenomenon that increases the spin multiplicity of electron
and drives it to a triplet state (T1). From this state the molecule returns to its original unexcited
state by means an emission of radiation (phosphorescence) or without radiation emission. The
phosphorescence phenomenon is longer in time than fluorescence one, and produce longer
wavelength. In addition, due to the low probability of the phosphorescence, the total intensity
of radiation is very low compared to the fluorescence process.

For both cases, fluorescence and phosphorescence, the kinetic of process can be represented
by a first order equation:

d M *

dt = - k · M *  (4)

Where [M*] is the concentration of molecules in excited states and k is a constant that represents
the speed of process and depends on the molecule properties. By integrating,

M * = M *
0e -kt    →    M * = M *

0e
-

t
τ    (5)

Where [M*]0 is the initial concentration of excited molecules, and τ = 1/k is known as the
medium lifetime of the excited state. As the emission intensity is proportional to the concen‐
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tration of excited molecules, the previous equation can be rewritten in terms of light intensity,
as follows,

I = I0e
- 

t
τ    (6)

In some cases, the deactivation of excited states can be produced by a non-radiant external
conversion way due to the interaction of photo-luminescent molecules with external mole‐
cules. This implies an energy transfer that reduces the concentration of excited molecules and,
consequently, the intensity of light emission decrease. This effect is known as quenching and
can be used to determine the concentration of these external molecules (quenchers). This effect
can be quantified by means the Stern-Volmer equation,

I0

I ( Q ) =
τ0

τ( Q ) =1 + τ0kb Q (7)

Where I0 and τ0 are the intensity and medium lifetime of light emission without quencher, I[Q]
and τ[Q] are the intensity and medium lifetime in presence of a concentration of quencher [Q],
and kb is the bimolecular constant of quenching. The product τ0kb = KSV is known as the Stern-
Volmer constant. This constant is actually modified by diffusion process and depends on the
diffusion coefficients of photo-luminescent and quenchers molecules [3,18]. The Stern-Volmer
equation establishes a linear but not-accuracy relationship, due to heterogeneity of chemical
sensor. It is possible to correct this relationship, and it must be done. [1,14,15,20,23,46].

3.3. Implementation of chemical sensors with optical fibers

Most of chemical sensors that use optical fibers are extrinsic, because the inclusion of reactive
substances inside the fiber (necessary for intrinsic sensor) will increase the response time of
recognition stage (Figure 9), due to the slow diffusion process of analyte through the fiber.
Hence, most of optical fiber chemical sensors use bifurcated fibers (Figure 2a) or a single fiber
with a semi-transparent mirror (Figure 2b). In both cases, the chemical sensor (or the sample
to analyze) is placed near or in the end of fiber, depending on fiber type and measurement
strategy (Figure 12).

In luminescence sensors, the fiber tip can be shaped to reduce the reflection for exciting
wavelength and to prevent the presence of exciting light in the photo detector as a noise. It
could include selective membranes to improve the selectivity of sensor (Figure 13); but the
membrane increases the sensor settling time due to the diffusion process through it.

The complete sensor includes the source for excitation and the photo detector device. Table
1 shows some consideration about the selection of these systems, taking into account the type
of chemical sensor. The most critical specifications for the light source and photo-detector
device are for time domain measurements in fluorescence, due to the usual short time response
of chemical sensor that forces the selection of extremely short pulse sources and high speed
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S0 to excited electronic singlet states S1, as is shown in the Jablonsky diagram of Figure 11. Some
low energy changes can occur from this new fundamental state S1 to near energy levels
produced by vibrational relaxation, without radiation emission. When the molecule returns
to the original singlet state S0, can emit a radiation with a longer wavelength than the absorbed
radiation; this emission is known as fluorescence. But, the molecule can also return to the
original state S0 through non-radiant transition (vibrational relaxation, internal conversion,
external conversion, and intersystem crossing). The most likely path to the fundamental state
S0 will be one that minimizes the mean timelife of the excited state.
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Figure 10. Jablonsky diagram for luminescence processes. Thick lines are fundamental states and fine lines corre‐
spond to vibrational states associated to a fundamental state.

Intersystem crossing is an unusual phenomenon that increases the spin multiplicity of electron
and drives it to a triplet state (T1). From this state the molecule returns to its original unexcited
state by means an emission of radiation (phosphorescence) or without radiation emission. The
phosphorescence phenomenon is longer in time than fluorescence one, and produce longer
wavelength. In addition, due to the low probability of the phosphorescence, the total intensity
of radiation is very low compared to the fluorescence process.

For both cases, fluorescence and phosphorescence, the kinetic of process can be represented
by a first order equation:

d M *

dt = - k · M *  (4)

Where [M*] is the concentration of molecules in excited states and k is a constant that represents
the speed of process and depends on the molecule properties. By integrating,

M * = M *
0e -kt    →    M * = M *

0e
-

t
τ    (5)

Where [M*]0 is the initial concentration of excited molecules, and τ = 1/k is known as the
medium lifetime of the excited state. As the emission intensity is proportional to the concen‐
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tration of excited molecules, the previous equation can be rewritten in terms of light intensity,
as follows,

I = I0e
- 

t
τ    (6)

In some cases, the deactivation of excited states can be produced by a non-radiant external
conversion way due to the interaction of photo-luminescent molecules with external mole‐
cules. This implies an energy transfer that reduces the concentration of excited molecules and,
consequently, the intensity of light emission decrease. This effect is known as quenching and
can be used to determine the concentration of these external molecules (quenchers). This effect
can be quantified by means the Stern-Volmer equation,

I0

I ( Q ) =
τ0

τ( Q ) =1 + τ0kb Q (7)

Where I0 and τ0 are the intensity and medium lifetime of light emission without quencher, I[Q]
and τ[Q] are the intensity and medium lifetime in presence of a concentration of quencher [Q],
and kb is the bimolecular constant of quenching. The product τ0kb = KSV is known as the Stern-
Volmer constant. This constant is actually modified by diffusion process and depends on the
diffusion coefficients of photo-luminescent and quenchers molecules [3,18]. The Stern-Volmer
equation establishes a linear but not-accuracy relationship, due to heterogeneity of chemical
sensor. It is possible to correct this relationship, and it must be done. [1,14,15,20,23,46].

3.3. Implementation of chemical sensors with optical fibers

Most of chemical sensors that use optical fibers are extrinsic, because the inclusion of reactive
substances inside the fiber (necessary for intrinsic sensor) will increase the response time of
recognition stage (Figure 9), due to the slow diffusion process of analyte through the fiber.
Hence, most of optical fiber chemical sensors use bifurcated fibers (Figure 2a) or a single fiber
with a semi-transparent mirror (Figure 2b). In both cases, the chemical sensor (or the sample
to analyze) is placed near or in the end of fiber, depending on fiber type and measurement
strategy (Figure 12).

In luminescence sensors, the fiber tip can be shaped to reduce the reflection for exciting
wavelength and to prevent the presence of exciting light in the photo detector as a noise. It
could include selective membranes to improve the selectivity of sensor (Figure 13); but the
membrane increases the sensor settling time due to the diffusion process through it.

The complete sensor includes the source for excitation and the photo detector device. Table
1 shows some consideration about the selection of these systems, taking into account the type
of chemical sensor. The most critical specifications for the light source and photo-detector
device are for time domain measurements in fluorescence, due to the usual short time response
of chemical sensor that forces the selection of extremely short pulse sources and high speed
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detectors; the low intensity produced by phosphorescence sensors force the use of high

sensitivity photo detectors in all cases.

Chemical Sensor Light source Photo-detector Considerations

Absorbance LED, Laser, LD Photodiode AC+DC signal

Intensity measurement
Reflectance

Fluorescence Pulsating lamps, LED, LD,

lasers

Photodiode, APD,

PMT

Short time response

Time-domain measurement

LED, Laser, LD AC+DC signal

Frequency-domain measurement

AC+DC signal

Intensity measurement

Phosphorescence Pulsating, lamps, LD or

lasers

APD, PMT Medium-large time response

Time-domain measurement

LED, Laser, LD Photodiode, APD,

PMT

AC+DC signal

Frequency-domain measurement

AC+DC signal

Intensity measurement

Table 1. Light signal, excitation sources and photo detector devices for chemical sensors.
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Figure 11. Situation of chemical sensor in the end of fiber considering the optical fiber topology: the parameters d
and e must be calculated to obtain an optimal sensitivity.
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Figure 12. Chemical sensor placed into the fiber tip with a selective membrane.

4. Examples of optical fiber sensors for chemical measurements

4.1. Frequency domain analysis for the fluorescence of ruthenium chemical sensor

The measurements are commonly based in analysis of the time domain or the frequency
domain, as it is explained in the above section 2. Time domain measurements have practical
difficulties. This method requires a big number of points of the signal response to obtain the
time constant, and this is a limitation because of the small size of the sampling period. Due to
the characteristics of the physical phenomenon and/or the high cost of the system, it is more
efficient using the frequency domain to measure the fluorescence emission, whose lifetime is
in a range limited by nanoseconds and a few microseconds [22,47]. In this method, the lifetime
is obtained from the phase shift between emission signal from the chemical sensor and the
excitation signal used. Currently, some analytical instruments that enable the measurement of
a large number of analytes such as pH, carbon dioxide, or oxygen, are known. This section
deals with a brief description of the main components of fluorescence sensors, focusing on a
sensor for measuring dissolved oxygen concentration.

The system consists of a DC+AC light source which excites the Ruthenium sensor. When this
chemical sensor is energized, it produces a fluorescence excitation with a wavelength around
470 nm, and the following fluorescence emission wavelength is near to 600 nm in the case of
oxygen measurements.

In fluorescence analysis is not necessary to employ a high intensity light source, but a correct
generation of the excitation waveform is very important because this waveform will be used
in the final processing. Thus, the best device for been implemented in the emission sub-system
(Figure 14) is a LED [11,12,27].

This LED must emit a light with a wavelength close enough to the excitation one (470 nm),
and as optic fiber is used to transfer the light, its viewing angle must be small enough to
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4. Examples of optical fiber sensors for chemical measurements

4.1. Frequency domain analysis for the fluorescence of ruthenium chemical sensor

The measurements are commonly based in analysis of the time domain or the frequency
domain, as it is explained in the above section 2. Time domain measurements have practical
difficulties. This method requires a big number of points of the signal response to obtain the
time constant, and this is a limitation because of the small size of the sampling period. Due to
the characteristics of the physical phenomenon and/or the high cost of the system, it is more
efficient using the frequency domain to measure the fluorescence emission, whose lifetime is
in a range limited by nanoseconds and a few microseconds [22,47]. In this method, the lifetime
is obtained from the phase shift between emission signal from the chemical sensor and the
excitation signal used. Currently, some analytical instruments that enable the measurement of
a large number of analytes such as pH, carbon dioxide, or oxygen, are known. This section
deals with a brief description of the main components of fluorescence sensors, focusing on a
sensor for measuring dissolved oxygen concentration.

The system consists of a DC+AC light source which excites the Ruthenium sensor. When this
chemical sensor is energized, it produces a fluorescence excitation with a wavelength around
470 nm, and the following fluorescence emission wavelength is near to 600 nm in the case of
oxygen measurements.

In fluorescence analysis is not necessary to employ a high intensity light source, but a correct
generation of the excitation waveform is very important because this waveform will be used
in the final processing. Thus, the best device for been implemented in the emission sub-system
(Figure 14) is a LED [11,12,27].

This LED must emit a light with a wavelength close enough to the excitation one (470 nm),
and as optic fiber is used to transfer the light, its viewing angle must be small enough to
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improve the directionality of the emission. So, as LED OVL-5523 also has the intensity needed
to excite the Ruthenium sensor, it can be a good solution for the light source of a frequency
domain fluorescence system (fluorimeter).

The PIN photodiode is a common photo detector employed in a lot of digital communication
systems with optical fiber because it has a good reliability and a quite wide bandwidth. But,
considering the disadvantages, it can be mentioned, that it introduces a large noise, it needs
an external system to establish its temperature, and its bandwidth is above our specification
range. Other interesting photo detector is the APD, it does not have the disadvantages said
previously, but in this case, its internal gain is intrinsically unstable. These devices are cheaper
and have a smaller volume than PMT, which needs a special enclosure to obtain a correctly
amplification of the output current. Nevertheless, their instrumentation characteristics make
of this last photo detector, the best option to take part in the fluorescence based system.

In Figure 14, it is possible to appreciate the block diagram of the fluorimeter. The system
generates a sinusoidal signal with a DC component for LED excitation. The light is transferred
to the Ruthenium sensor by low-cost bifurcated optic fiber (gradual index plastic optical fiber
with a diameter of 1 mm). The chemical sensor where the fluorescence phenomenon takes
place is in contact with the sample. The fluorescence emission generated goes through the fiber
to the PMT. The photo detector output signal (current) and the sinusoidal excitation signal are
processed to obtain the frequency response of the fluorimeter.

The data produced by this system can be modelled by a Stern-Volmer equation, but in this
case it is better to use a multivariable regression because the influence of the temperature is
quite high.

The obtained model has a high correlation considering the phase shift and the temperature as
explicative variables of oxygen concentration O2 . This model is almost linear with 0.9999 of
correlation index as it is possible to see in Figure 15, where graphic points produce clearly a
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straight line. Furthermore, the maximum absolute errors that can be found in this kind of
fluorescence systems round 2 ppb, with relative errors values of less than 0.05 %.

4.2. Time-domain analysis of phosphorescence of sol-gel Al-Ferron chemical sensor

Phosphorescence analysis in the domain of time is a well known procedure to carry out several
important measurements of several analytes. Concentration of dissolved oxygen in water
(D.O.), moisture level, pH value and other chemical parameters can be obtained by means of
analysis of phosphorescence emission of a chemical sensor properly excited with light [5,9,18].
In this section, some considerations about main blocks of a time domain phosphorimeter will
be discussed, including some improvements.

Light source must excite the chemical sensor that yields a phosphorescence emission with a
wavelength quite far from excitation wavelength. In Al-Ferron Sol-gel chemical sensor [18,
48] used for oxygen measurement, excitation wavelength is placed from near UV to violet and
the emission takes place around the green light wavelength.

An excitation with high pressure Xe pulse lamps (or similar short-arc lamps) produces a wide
spectrum (white light) and high intensity pulses of light, requiring optical filters to reduce
optical noise. In addition, these lamps need to include other optical accessories, like parabolic
mirrors or lenses to concentrate the light into the optical fibers tip. The final cost of this kind
of lamps and associated power and trigger circuits is very high, and these circuits introduce
several critical subjects in cabling, housing, protection and/or EMC. Finally, an aging process
takes place in arc lamps, reducing the lifetime of lamp, generally due to electrodes are worn
out [6].

Laser light sources increase the intensity of pulses, reduce their narrowness, and avoid the use
of additional optical systems such as filters and mirrors because the produced light is coherent.
But they introduce the same problems in total cost, cabling protection and EMC. Final results
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improve the directionality of the emission. So, as LED OVL-5523 also has the intensity needed
to excite the Ruthenium sensor, it can be a good solution for the light source of a frequency
domain fluorescence system (fluorimeter).

The PIN photodiode is a common photo detector employed in a lot of digital communication
systems with optical fiber because it has a good reliability and a quite wide bandwidth. But,
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processed to obtain the frequency response of the fluorimeter.

The data produced by this system can be modelled by a Stern-Volmer equation, but in this
case it is better to use a multivariable regression because the influence of the temperature is
quite high.

The obtained model has a high correlation considering the phase shift and the temperature as
explicative variables of oxygen concentration O2 . This model is almost linear with 0.9999 of
correlation index as it is possible to see in Figure 15, where graphic points produce clearly a
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fluorescence systems round 2 ppb, with relative errors values of less than 0.05 %.
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important measurements of several analytes. Concentration of dissolved oxygen in water
(D.O.), moisture level, pH value and other chemical parameters can be obtained by means of
analysis of phosphorescence emission of a chemical sensor properly excited with light [5,9,18].
In this section, some considerations about main blocks of a time domain phosphorimeter will
be discussed, including some improvements.

Light source must excite the chemical sensor that yields a phosphorescence emission with a
wavelength quite far from excitation wavelength. In Al-Ferron Sol-gel chemical sensor [18,
48] used for oxygen measurement, excitation wavelength is placed from near UV to violet and
the emission takes place around the green light wavelength.

An excitation with high pressure Xe pulse lamps (or similar short-arc lamps) produces a wide
spectrum (white light) and high intensity pulses of light, requiring optical filters to reduce
optical noise. In addition, these lamps need to include other optical accessories, like parabolic
mirrors or lenses to concentrate the light into the optical fibers tip. The final cost of this kind
of lamps and associated power and trigger circuits is very high, and these circuits introduce
several critical subjects in cabling, housing, protection and/or EMC. Finally, an aging process
takes place in arc lamps, reducing the lifetime of lamp, generally due to electrodes are worn
out [6].

Laser light sources increase the intensity of pulses, reduce their narrowness, and avoid the use
of additional optical systems such as filters and mirrors because the produced light is coherent.
But they introduce the same problems in total cost, cabling protection and EMC. Final results
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of laser-based time domain phosphorimeters are quite similar to results obtained with pulse
lamps. The high concentration of power pulse becomes a problem for optical fibers connected
to laser sources: the end of fiber has a progressive increase of attenuation by burning.

LD and UV-LEDs are other possible solution for light excitation. They facilitate the connection
to optical fiber tip and reduce both, the total cost and the system volume, overcome most of
inconvenient of arc lamps and lasers. Moreover, the MTBF of UV-LED is very high in com‐
parison with lasers and lamps, reducing maintenance and replacement costs.

The excitation wavelength of chemical sensor (Al-Ferron immobilized in Sol-Gel) has a
maximum peak around 390 nm and its emission spectrum has a peak value around 590 nm.
Thus, UV LED like NSHU590 can be a balanced solution for the light source of a time domain
phosphorimeter.

The detection of emitted light is critical in phosphorescence based system due to low level of
Al-Ferron emission. The best solution –under the instrumental point of view– is the use of a
PMT because of its high sensitivity. Moreover, it has low noise, low dark and non dependence
on temperature. A comparison between APDs and PMTs results in similar instrumentation
characteristics will be that the initial advantages of APD in volume are compensated with the
presence of cooling systems [39] for holding constant temperature, and thus, avoiding
sensitivity changes. Standard PIN-Photodiodes introduce large noise and need temperature
stabilization [6].

Final design of phosphorimeter is shown in Figure 16, where the chemical sensor is included
inside a flow cell for calibration purposes, by using a full-controlled gases mixture of argon
and oxygen. UV LED output is a waveform that consists of narrow pulses widely separated
from each other in order to guarantee tine enough for full extinguishing of chemical sensor
emission between pulses. Resulting excitation waveform is shown in that figure.
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Figure 15. Design of an optical fibers time domain phosphorimeter with Al-Ferron chemical sensor. Bifurcated optical
fibers are constituted by a bundle of 1500 borosilicate fibers, in contact with the chemical sensor powder. All optical
filters have been removed for this design because the optical noise is not too important.
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This system has an excellent behaviour for low level oxygen concentration, obtaining a good
correlation coefficient for Stern-Volmer equation (see Figure 16a).

Stern-Volmer equation for low-level oxygen concentration is a well-know fact, but the
behaviour of phosphorescence emission at large value of [O2] is usually described as a
‘saturation process’ in the chemical sensor. Thus, for [O2] less than 4%, Stern-Volmer equation
can be experimental verified but becomes inexact above this point. However, there is not
saturation process but a slope change in plot. In Figure 16b, an extended plot (from 0% to 21%
of [O2]) is displayed, showing two different slopes. The fact of slope change allows us to use
phosphorescence lifetime analysis over the limitations of Stern-Volmer equation although the
obtained sensitivity is lower. The obtained change in slope is a common question in phos‐
phorescence analysis and it is present in both, medium lifetime analysis and intensity analysis
as it has been described for other phosphorescence sensors.

5. Optical fiber sensors for biological applications

Optical fiber sensors can be applied for several biological measurements. However, in most of
cases, the final sensor does not have a direct interaction with a biological parameter, but it has
a chemical or physical operation principle. The general idea is similar to the exposed in Figure
9, an indirect interaction. In this case, a biological variable produces a chemical or physical
change suitable for measurement by light modulation (absorbance, reflectance, luminescence,
etc.). So, as a general conclusion, an optical fiber sensor for biological measurement is a type
of above discussed solutions.

An example is the well known reaction to detect or determine the quantity of ATP (adenosine
triphosphate), a coenzyme used in cell reactions by means luciferine,

ATP + Luciferine + O2 →Oxyluciferine + CO2 + AMP + LIGHT

The results of this reaction include adenosine monophosphate (AMP), and it emits light! The
light intensity is proportional to the quantity of ATP. This phenomenon is known as biolumi‐
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of laser-based time domain phosphorimeters are quite similar to results obtained with pulse
lamps. The high concentration of power pulse becomes a problem for optical fibers connected
to laser sources: the end of fiber has a progressive increase of attenuation by burning.

LD and UV-LEDs are other possible solution for light excitation. They facilitate the connection
to optical fiber tip and reduce both, the total cost and the system volume, overcome most of
inconvenient of arc lamps and lasers. Moreover, the MTBF of UV-LED is very high in com‐
parison with lasers and lamps, reducing maintenance and replacement costs.

The excitation wavelength of chemical sensor (Al-Ferron immobilized in Sol-Gel) has a
maximum peak around 390 nm and its emission spectrum has a peak value around 590 nm.
Thus, UV LED like NSHU590 can be a balanced solution for the light source of a time domain
phosphorimeter.

The detection of emitted light is critical in phosphorescence based system due to low level of
Al-Ferron emission. The best solution –under the instrumental point of view– is the use of a
PMT because of its high sensitivity. Moreover, it has low noise, low dark and non dependence
on temperature. A comparison between APDs and PMTs results in similar instrumentation
characteristics will be that the initial advantages of APD in volume are compensated with the
presence of cooling systems [39] for holding constant temperature, and thus, avoiding
sensitivity changes. Standard PIN-Photodiodes introduce large noise and need temperature
stabilization [6].

Final design of phosphorimeter is shown in Figure 16, where the chemical sensor is included
inside a flow cell for calibration purposes, by using a full-controlled gases mixture of argon
and oxygen. UV LED output is a waveform that consists of narrow pulses widely separated
from each other in order to guarantee tine enough for full extinguishing of chemical sensor
emission between pulses. Resulting excitation waveform is shown in that figure.

Pulse 
generator

SMA 
coupling

+Vcc

PMT
SMA

Gas mixture  (Ar + O2)

Chemical sensor 
(Al-Ferron)

Flow cell

Output signal

Excitation pulse

Photocurrent

Figure 15. Design of an optical fibers time domain phosphorimeter with Al-Ferron chemical sensor. Bifurcated optical
fibers are constituted by a bundle of 1500 borosilicate fibers, in contact with the chemical sensor powder. All optical
filters have been removed for this design because the optical noise is not too important.

Current Developments in Optical Fiber Technology280

This system has an excellent behaviour for low level oxygen concentration, obtaining a good
correlation coefficient for Stern-Volmer equation (see Figure 16a).

Stern-Volmer equation for low-level oxygen concentration is a well-know fact, but the
behaviour of phosphorescence emission at large value of [O2] is usually described as a
‘saturation process’ in the chemical sensor. Thus, for [O2] less than 4%, Stern-Volmer equation
can be experimental verified but becomes inexact above this point. However, there is not
saturation process but a slope change in plot. In Figure 16b, an extended plot (from 0% to 21%
of [O2]) is displayed, showing two different slopes. The fact of slope change allows us to use
phosphorescence lifetime analysis over the limitations of Stern-Volmer equation although the
obtained sensitivity is lower. The obtained change in slope is a common question in phos‐
phorescence analysis and it is present in both, medium lifetime analysis and intensity analysis
as it has been described for other phosphorescence sensors.

5. Optical fiber sensors for biological applications

Optical fiber sensors can be applied for several biological measurements. However, in most of
cases, the final sensor does not have a direct interaction with a biological parameter, but it has
a chemical or physical operation principle. The general idea is similar to the exposed in Figure
9, an indirect interaction. In this case, a biological variable produces a chemical or physical
change suitable for measurement by light modulation (absorbance, reflectance, luminescence,
etc.). So, as a general conclusion, an optical fiber sensor for biological measurement is a type
of above discussed solutions.

An example is the well known reaction to detect or determine the quantity of ATP (adenosine
triphosphate), a coenzyme used in cell reactions by means luciferine,

ATP + Luciferine + O2 →Oxyluciferine + CO2 + AMP + LIGHT

The results of this reaction include adenosine monophosphate (AMP), and it emits light! The
light intensity is proportional to the quantity of ATP. This phenomenon is known as biolumi‐
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nescence but, it could be called chemical-luminescence. There are a lot of applications of this
test in the determination of quantity of cells or their activity in a sample.

The main restrictions imposed to the use of any sensor for biological applications are the bio-
compatibility and the disturbance for in-vivo measurements; because this kind of sensors is
applied in human and veterinary medicine, and in food industry, sectors with extremely
restrict conditions and standards. For example, a catheter with a D.O. sensor for determining
the oxygen saturation in blood could be a fluorescence sensor based on ruthenium chemical
sensor, but it must have a complete bio-compatibility.

In next sections, some examples of sensors for biological applications are presented. In all cases
the objective is the monitoring and control of food production.

5.1. Milk quality sensors based upon optical fibers

Daily measurement of nutritional milk parameters could be used for cow selection, cow feed
tuning in order to increase economic efficiency, and milk differentiation to obtain predefined
values of fat content, total protein or lactose in the farm outlet. Modern dairy farms include
several control and automation systems, which are able to provide interesting data for farm
management and to improve the economical results of exploitation [44]. NIR spectrometry has
been used to estimate milk composition, but previous works are referred to dry milk, homo‐
genised milk, high cost spectrometry equipment [43], or requires sampling and previous
treatment of milk samples [16,49], avoiding a cow-side final implementation.

All spectrometry equipment consists of an excitation light source able to produce a continuous
spectrum for all wavelengths and a photo-detection system for measuring the received light
in the same light spectrum. The reduction of range of interesting light wavelengths simplifies
the design of complete system and decreases the final cost because low-cost LEDs and
photodiodes can be used for excitation and light detection. Moreover, photodiodes can be used
without cooling systems or temperature controllers, keeping an enough S/N ratio.

To investigate the potentiality of VIS-NIR spectrometry, several milk samples has been taken
from a farm during milking (along milking and from different cows). Each milk sample is
divided into two similar sub-samples and preserved using refrigeration and bronopol (2-
Bromo-2-nitro-1,3-propanediol). First sub-sample is sent to a certified laboratory for compo‐
sition analysis, using standard procedures, obtaining reference values for fat (TG), total protein
(TP) and lactose (TL) content; second sub-sample is analyzed by spectrometry. Finally, results
of both analyses are compared in order to determine the capability of VIS-NIR spectrometry
to estimate the milk composition.

The analysis of each milk sample by spectrometry is carried out using a low-cost VIS-NIR
spectrophotometer from Ocean Optics, able to provide 1236 values in the 400.33 to 949.59 nm,
resulting in a resolution of 0.444 nm. Three different spectra are obtained by means of custom-
designed analyzing cell connected to spectrophotometer and light source using several optical
fibers as we can see in Figure 17. When an appropriate excitation lamp is used, this system is
able to provide orthogonal spectrum (M90) caused by scattered light, transmittance spectrum
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(TR) and reflectance spectrum (RE). All these values are corrected by ratiometric techniques
to reduce uncontrolled attenuation and disturbances [7].
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Figure 17. Three spectra analyzer for fresh milk

Spectral data has been smoothed by applying iterative local linear polynomial fit with tricubic
weighting [8] to redraw smoothed spectra with low resolution, 20 nm. Thus, the total number
of input variables for statistical treatment is reduced and, the problem simplified, without
significant data lost. Regression-based methods are used for prediction, using TG, TP and TL
as dependent variables and smoothed spectra M90, TR y RE, with 20 nm of resolution as
independent variables. For each value of three smoothed spectra, square and cubic terms are
generated such as additional input variables to include non-linear behaviour of model. Hence,
model includes 504 input variables (56 × 3 ×3), 56 values of each spectrum, and its square and
cubic terms).

Total number of input variables is lower than number of observations. So, a multivariate
technique for dimensional reduction must be applied, the traditional Principal Component
Regression (PCR) or the useful PLS (Partial Least Squares) in univariate response (PLS-1) [29].
Both, PCR and PLS-1 methods are based on calculation of orthogonal components from a linear
combination of original variables to reduce the total number of variables. The objective of PLS-1
is to extract the components from correlations between original independent variables and
dependent variable. In our case, to choice the final components number, the average squared
error of predicted values is calculated for all cases, by means of leave-one-out cross-validation.
The use of R statistical environment simplifies these calculations and procedures [40]. Table
2 shows the optimum number of used components for both methods and the percentage of
explained variance. The results are quite simple: fat content in milk can be obtained with only
one excitation wavelength!

Based on this idea, a low-cost optoelectronic sensor has been developed for working in the
NIR region of light spectrum. The developed sensor shown in Figure 18 is a reflectance optical
fiber sensor that consists of a stainless steel tube, optical fibers for light conduction from a light
emitter to the milk to a light receiver, and circuits for the signal treatment and control unit.
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Spectral data has been smoothed by applying iterative local linear polynomial fit with tricubic
weighting [8] to redraw smoothed spectra with low resolution, 20 nm. Thus, the total number
of input variables for statistical treatment is reduced and, the problem simplified, without
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generated such as additional input variables to include non-linear behaviour of model. Hence,
model includes 504 input variables (56 × 3 ×3), 56 values of each spectrum, and its square and
cubic terms).

Total number of input variables is lower than number of observations. So, a multivariate
technique for dimensional reduction must be applied, the traditional Principal Component
Regression (PCR) or the useful PLS (Partial Least Squares) in univariate response (PLS-1) [29].
Both, PCR and PLS-1 methods are based on calculation of orthogonal components from a linear
combination of original variables to reduce the total number of variables. The objective of PLS-1
is to extract the components from correlations between original independent variables and
dependent variable. In our case, to choice the final components number, the average squared
error of predicted values is calculated for all cases, by means of leave-one-out cross-validation.
The use of R statistical environment simplifies these calculations and procedures [40]. Table
2 shows the optimum number of used components for both methods and the percentage of
explained variance. The results are quite simple: fat content in milk can be obtained with only
one excitation wavelength!

Based on this idea, a low-cost optoelectronic sensor has been developed for working in the
NIR region of light spectrum. The developed sensor shown in Figure 18 is a reflectance optical
fiber sensor that consists of a stainless steel tube, optical fibers for light conduction from a light
emitter to the milk to a light receiver, and circuits for the signal treatment and control unit.
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Variable
Number of components Explained variance

(%)PCR PLS-1

Fat content (TG) 1 1 82

Lactose content (TL) 11 8 62

Total protein content (TP) 2 2 17

Table 2. Comparison of PCR and PLS-1 results in prediction of milk composition. An overall interpretation could
establish an excellent behaviour for prediction of fat content (it uses only one component and can explain a high
percentage of variance); results are interesting for lactose content, although using many components.

The operation of the system is as follows: the light proceeding from an infrared LED comes
into contact with the milk, where part of the light is reflected and then, detected by a photo‐
diode. Due to the fact that the reflected light depends on milk fat, the value of fat can be
calculated by a control unit. Figure 19a shows the real behaviour of this sensor for homogen‐
ized milk samples, and Figure 19b, for raw milk during milking process. In both cases, the
output signal is the voltage produced after conditioning circuit.

5.2. Optical fibers colorimeters in food quality control: Wine and consumption oil

Colour contributes to organoleptic attributes and quality parameters of food. Moreover, it can
be used in the production process: to determine the maturation level of fruits and vegetables,
in the identification of origin and adulteration of consumption oils, in the fermentation process
of grape juice for winemaking or other fermentation process (beer, cider, etc.). In all these cases,
colour determination is used to make decisions during the production processes.

Figure 18. On-line optical fiber sensor for the estimation of fat content in milk. Picture shows an in-farm implementa‐
tion of this system.
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In some traditional food industries, the colour is provided by experts, but this introduces
subjectivity and uncertainty, and increases the processing time. The final results are a lost of
repeatability, reproducibility and quality, and an increase of final cost. Expert estimation of
colour can be substituted by a colorimeter that produces on-line results, improves instrumental
parameters and reduces cost. A complete colour estimation includes an analysis of reflected
(for solid foods) or transmitted/absorbed (for liquid foods) light spectrum in visible wave‐
lengths (400 to 700 nm), but it is usual the reduction of analysis to a short set of wavelengths
according to food type and the property that we like to know.

A colour analysis for solid foods such as vegetables, fruits or meat does not require optical
fiber sensors and can be carried out by CCD cameras and image analysis; however, sensors
for colour estimation of liquid foods can take advantage of optical fibers to reach any meas‐
urement place during production process. Figure 20 shows a colour probe with bifurcated
optical fibers that uses a transmittance/absorbance measurement.

In wine industry, colour depends on some parameters such as the grape composition,
winemaking techniques and several reactions that take place during wine storage. The
composition of wine colour changes continuously during winemaking and storage, with
associated changes in sensory characteristics. Usual colour analysis for grape juices and wines
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Figure 19. Analysis of 38 samples of fresh un-homogenized raw milk. Actual fat values are provided by a certified lab‐
oratory and have and uncertainty less than 2%.
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Figure 20. Optical fiber colour probe for liquid foods. The distance d is a design parameter and it depends on liquid
transparency. All materials of sensor must accomplish with food industry standards.
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Variable
Number of components Explained variance

(%)PCR PLS-1

Fat content (TG) 1 1 82

Lactose content (TL) 11 8 62

Total protein content (TP) 2 2 17

Table 2. Comparison of PCR and PLS-1 results in prediction of milk composition. An overall interpretation could
establish an excellent behaviour for prediction of fat content (it uses only one component and can explain a high
percentage of variance); results are interesting for lactose content, although using many components.
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calculated by a control unit. Figure 19a shows the real behaviour of this sensor for homogen‐
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of grape juice for winemaking or other fermentation process (beer, cider, etc.). In all these cases,
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Figure 18. On-line optical fiber sensor for the estimation of fat content in milk. Picture shows an in-farm implementa‐
tion of this system.
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is made by measurements at three wavelengths in blue, green and red spectrum areas: 420,
520 and 620 nm [19], but there are several methods to measure the chromatic parameters in all
wines types, such as the method based on the CIE [33] or the OIV [34] method to determine
the wine colour. These methods use two very similar processes to obtain colorimetric values
of wine samples because the wine absorbs the radiation incident, or transmits the one that not
absorbed. In both cases, the objective of each method is to obtain three colorimetric values to
situate each wine in one point of the specific colour space [34]. Both methods have quite similar
characteristics, including their high cost, because they use spectrometers, very expensive and
delicate equipment, and other subsystems like special illuminants.

In addition, final colour read-out involves a complex procedure, not allowing on-line opera‐
tion; this limitation reduces the use of these colorimeters in winemaking process.

On-line requirements and low-cost condition force to explore new methods of colour meas‐
urement, that is able to provide on-line chromatic values without punishing the cost, that is:
they can be used within the control system of winemaking processes [10]. A new design with
RGB colour space simplifies the sensor and reduces the cost of illuminant because a halogen
lamp is able to provide enough power excitation in the three selected wavelength. To simplify
the fiber topology and connector system it is possible to use a RGB photodiode as photo-
detector.

The results from this RGB optical sensor can be plotted in the traditional diagram used for
wine colour classification (Figure 21a) [42]; thus, the chromaticity values (tone, H and chroma,
C) can be derived from measured values (Figure 21b) by,

C = (YB - 1)2 + (RG - 1)2                 H =arcsin( YB - 1
C )

where YB and RG are, respectively, the Yellow-to-Blue and the Red-to-Green ratios,.

The use of a colorimetric optical fiber probe has a lot of applications in food industry. Another
interesting case is the colour determination of consumption oil, because it can be used to
identify the type of oil, even the olive type and the acidity level. Figure 22 shows a diagram
block of a RGB colorimeter, applied to oil colour characterization. It includes a full controlled
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Figure 21. (a) Wine classification in Y/B-R/G coordinates system; (b) Definition of chromaticity parameters of a wine.
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temperature derives.
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Figure 22. Optical fiber RGB colorimeter applied to oil colour characterization.

As we can see in Figure 23, oil colour can be used to identify the origin of oil, even with only
two wavelengths: red (620 nm) and green (540 nm), reducing the blocks of block diagram of
Figure 22. A more precise identification needs the value of blue (420 nm) channel and could
provide additional knowledge, such as adulteration of oil with dye or the evolution of
properties during cycling use for deep frying.
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6. Conclusions

Optical fiber sensors are widely applied for a lot of measurement processes because they have
important advantages such as the high noise immunity and the use for remote and multi-
position measurement. In particular, the use of optical fibers in combination to chemical
sensors increases the potentiality of these sensors and extends their applications.

In above sections, we have presented several operation principles (absorbance, reflectance and
luminescence), data processing strategies, and the potential use for measurement purposes by
means of some real implementation and the consequent discussion about experimental results.
For all these systems, we have taken into account some restrictions and conditions of associated
devices such as light excitation sources, photo detector devices and, of course, the design
conditions of optical fiber systems and sensors.
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1. Introduction

In biological research, the luminescience from fluorescent proteins or luminescent enzymes is
widely applied for monitoring a change of environment at a cell. Biomolecules used as the
probe, such as Green Fluorescence Protein (GFP) or luciferase molecules found in fireflies can
respond to the existence of specific molecules or ions and subsequently emit a photon. The
detection of a specific molecule can then be confirmed by detecting the emitted photons
efficiently with a photon detector. A highly efficient detection of the luminescence is normally
essential to realization of a high sensitivity to the specific molecules or ions and an improve‐
ment of the sensitivity can upgrade the capability of detection in a low concentration of sample
solution. Therefore, there are many efforts to improve the efficiency of the collection of emitted
photons and of the optical coupling to the photon detector.

A straightforward method is to directly detect the luminescence from the sample solution in
a test tube with a single photon detector via simple coupling optics as shown in Fig. 1. This
detection system is very simple and easy-operational, so that it has been widely used for
various applications so far. To realize high efficiency detection, however, this method needs
a single photon detector with the wide photon-sensitive area, which is ideally larger than a
photon-emission area in the test tube. Here, we are introducing an alternative method, where
the luminescent biomolecules are immobilized at an optical fiber end and the luminescence is
detected by a photon detector which is optically coupled to the other optical fiber end. Fig. 2
illustrates the optical fiber-based system. This method has been investigated for application
to a fiberoptic biosensor, which is constructed by immobilizing either an enzyme or an
antibody. A review of this method is given in reference [1] and [2].

© 2013 Iinuma et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Figure 1. Direct detection system of luminescence

Figure 2. Optical fiber-based system of luminescence

This method has three merits. The first one is to permit a local detection within the sample
solution, because the optical fiber end functions as a needle-like probe. Meanwhile, the method
as shown in Fig. 1 is suitable for detecting the luminescence from a large area in the sample
solution. The second one is that the detection scheme does not require that the photon detection
is very close to the sample solution. This feature makes it easier to mount the sensing parts in
integrated bioengineering, such as μ -TAS. The third merit is that single photon detectors with
a small sensitive area are also available, because the photon-emission area, which is almost
identical to the cross section of the core part in the optical fiber, is small. In general, single
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photon detectors have lower dark counts for smaller sensitive area. Low noise is very impor‐
tant, because it essentially gives the upper limit of the sensitivity of photon detection. Recently,
single photon detectors using avalanche photo diodes (APDs) have become widely available
with good performance, but their sensitive area is small and typically 0.1 mm. The lumines‐
cence detection with the optical-fiber based system allows us to fully use the merits of
compactness, high quantum efficiency, and low noise of these APD detectors. On the other
hand, single photon detectors using compact and cooled photomultiplier tubes (PMTs) are
also available, since they have the characteristics of low noise and much larger sensitive area
than the APD’s. Moreover, their quantum efficiency is not so much lower than the APD’s. The
fiber-based system with these PMT detectors can make a fully use of the merits of large
sensitive area and low noise of the PMTs, although the quantum efficiency is lower than the
APD’s.

We have built detection systems of bioluminescence at an optical fiber end and investigated
the sensitivity of Adenosine triphosphate (ATP) detections by using an APD-type as described
in [3] and [4]. In this chapter, results with a PMT-type detector are presented in comparison
with the results by using the APD-type photon detector. We also discuss the reason of limiting
the present sensitivity in the system with the PMT-type detector. ATP is a good indicator of
biochemical reaction or life activity, since ATP is considered as the universal currency of
biological energy for all living things. Therefore, there are many efforts to develop ATP-sensing
techniques for compact and efficient ATP detection in reference [5-7]. In particular, high-
sensitivity detection of ATP can indicate the existence of microorganisms even in low numbers.
Thus, a compact, simple, and easy-operational system with extremely high sensitivity has been
desirable.

One well-known and powerful method for highly sensitive ATP detection is to use the chemical
reaction involved in thebioluminescence, the luciferin-luciferase reaction in reference [8]. In
this reaction, after one ATP molecule and one luciferin molecule are bound to one luciferase
molecule, and the luciferin molecule is oxidized using the energy of ATP. As consequence, one
photon is emitted during the transition from the excited state to the ground state of the oxidized
luciferin molecule bound to the luciferase molecule. The emission of one photon indicates the
use of the energy of one ATP molecule. In the method using the luciferin-luciferase reaction,
the efficient detection of the bioluminescence is essential for high-sensitivity detection of ATP.

The oxidation of luciferin is catalysed by the enzyme luciferase, so that the immobilization of
luciferase molecules on solid probes of various sizes allows highly sensitive and local detection
of ATP. Three types of immobilization have been used: firstly attachment to the cell surface in
[9], secondary attachment to small particles, such as nanoparticles in [10], glass beads and rods
in [11], thirdly attachment to extended objects with a size in the centimeter range, such as strips
in [12] and [13], and films in [14]. For the ATP-detection on the intermediate scale below 1
millimeter, a fiberoptic probe employing immobilized luciferase in [2] as well as microchips
in [15] and [16] is utilizable. Therefore, the efficient detection system of bioluminescence at an
optical fiber end can achieve the local detection of ATP. The realization of highly sensitive
detection of ATP potentically provides the local detection of extremely low number of
microorganisms. Thus, it is desirable to construct a highly efficient detection system of the
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bioluminescence at an optical fiber end and to evaluate the detection limit with the system. In
order to explore possibilities for improving the detection limit, moreover, it is also necessary
to investigate the bioluminescent reaction at an optical fiber end.

The rest of this chapter is organized as follows. In sec. 2, we describe a concept for the
construction of the optical fiber-based system and show how to construct the detection systems
by using the PMT detector. In sec. 3, we describe the sensitivity test with the constructed system
and show the results are consisitent with the APD, but also show that the sensitivity can not
reach the expected detection limit. In sec. 4, we present the results of kinetic properties obtained
from experimental data on the bioluminescence and clarify a dominant reason of restricting
the detection limit.Sec. 5 summarizes prensent results and future problems.

2. Construction of the optical fiber-based system

2.1. General concept

For the construction of an efficient detection of a bioluminescence, it is necessay to consider a
collection efficiency of the luminescence at the optical fiber end and a coupling efficiency
between the other optical fiber end and a photon detector as described in [4]. Using the optical
fiber with a core diameter ϕ0 and a numerical aperture NA0, the collection efficiency of the
luminescence η at the optical fiber end depends only on NA0 as shown in Fig.3.

Figure 3. Luminescence at the optical fiber end. θm is a maximum opening angle for light propagation in the optical
fiber.

From the simple calculation of the solid angle with a maximum open angle θm, η(NA0) can be
expressed as,

η(N A0)= 1
2 (1−cosθm)

= 1
2 1− 1− ( N A0

nw
)2

,
(1)
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where nw is the refraction index of the substance surrounding the optical fiber end. In im‐
mersing this optical fiber end into water, its value should be identical to the one of water, which
is about 1.33.The caluculated values of the collection efficiency η(NA0) using Eq. (1) at nw =1.33
are shown in Fig.4 as a function of NA0. It is easy to see that η(NA0) monotonically increases
with NA0.

Figure 4. Calculated values of the collection efficiency η as a function of NA0 at nw = 1.33.

In the following, let us consider the situation where the other optical fiber end is optically
coupled to a photon detector with a detection window of diameter ϕ4 and with a circular
sensitive area having a diameter ϕ3 and a numerical aperture NA3. The coupling efficiency ε
between the optical fiber end and the photon detector depends on ϕ0, NA0 of the optical fiber
and ϕ3, NA3, ϕ4 of the photon detector used.The number of emitted photons is proportional
to the square of ϕ0 and η(NA0) monotonically increases with NA0, so that the number of the

transmitted photon to the other optical fiber end is proportional to ϕ0
2 and η(NA0). On the

other hand, the coupling efficiency ε generally decreases as ϕ0 or η(NA0) increases for the fixed
ϕ3, NA3, and ϕ4. Thus, we can define the following formula for a figure of merit (FOM) and
optimize ϕ0, NA0 and parameters of the coupling optics xi for the fixed values of ϕ3, NA3, and
ϕ4 to maximize the FOM:

FOM=ϕ 2‧η(NA0)‧ε(ϕ0, NA0, xi, ϕ3, NA3,  ϕ4) (2)
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It should be noted that the coupling efficiency ε can be ideally 100 % under the condition of
ϕ0 ≤ϕ3 and NA0 ≤ NA3.In many cases, the condition NA0 ≤ NA3 is satisfied when using the
typical photon detector. Under the condition NA0 ≤ NA3, thus, we can categorize into two cases:
case (1) is ϕ0 ≤ϕ3 and case (2) is ϕ0 >ϕ3. In the case (1), ε is constant and can be ideally 100 %,
so that the detection efficiency excluding the quantum efficiency of the photon detector is only
limited to η(NA0). Therefore, the optimization of ϕ0 and NA0 is not necessary. The conditions
of ϕ0 =ϕ3 and NA0 = NA3 both maximize the FOM and the sensitivity becomes highest. In the
case (2), however, the optimization of ϕ0 and NA0 and a specific design of the coupling optics
are necessary, because the coupling efficiency ε decreases as ϕ0 or NA0 increases.

2.2. Construction with a cooled PMT detector

2.2.1. Photon detectors

To construct the optical fiber-based system, a choice of a single photon detector is very
important. Photon detectors generally have two significant factors contributing to the sensi‐
tivity of detection for weak light: the efficiency and the dark counts of the detector. Recently,
two types of single photon detectors, which are a cooled APD and a small size of cooled PMT,
are available. The cooled APD which can detect for single photons is mostly used because of
the high quantum efficiency and the low dark counts. The sensitive area must be very small
( ϕ0 ~0.2mm ), but the quantum efficiency is several times larger than that of a typical PMT.
Furthermore, it has the useful characteristics of compactness, easy operation, and durability
compared to a typical PMT detector. On the other hands, the compact size of cooled PMT is
also useful for the optical fiber-based system. The quantum efficiency is typically lower than
the APD, but the sensitive area is roughly 10 times larger than the APD’s in spite of the same
dark counts as the cooled APD. Therefore, it is very easy to construct a coupling optics to the
sensitive area of the detector with the high sensitivity.

We selected the PMT counting head (H7421) manufactured by Hamamatsu Photonics K.K. for
this system. Its characteristics are summarized in Tab. 1. For comparison, we also present the
characteristics of the APD-type photon counting module (SPCM-AQR-14) provided by Perkin
Elmer. Ltd. It has already been verified that this APD is applicable to the fiber-based system
by our previous investigation as discussed in [3], [4].

Quantum
efficiency
(ηqe )

Dark
noise

sensitive
area
(ϕ3)

Numerical
Aperture
(NA3)

Detection
window
(ϕ4)

PMT (H7421) 40% at 550nm 100 s-1 5.0 mm 0.123 7.2 mm

APD (SPCM-AQR-14) 55% at 550nm 100 s-1 0.175 mm 0.78 6.16 mm

Table 1. Characteristics of photon detectors in reference [17] and [18]
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The value of NA3 can be calculated from the geometrical structure between the sensitive area
and the photon detection window.

2.2.2. Coupling efficiency

As showing in section 2.1, under the condition of ϕ0 >ϕ3, it is necessary to optimize ϕ0, NA0

and to design the coupling optics for maximal sensitivity. In the use of the PMT detector, it is
not absolutely necessary to optimize ϕ0, NA0, because the characteristics of ϕ3 =5.0mm
sufficiently satisfies the condition of ϕ0 <ϕ3 for the typical optical fiber. For easy construction,
here, the optical fiber end was directly connected to the attachment of the PMT counting head
without the additional coupling optics as shown in Fig. 5.

Figure 5. Geometrical structure of the PMT counting head

The coupling efficiency ε(ϕ0, NA0) in such geometrical structure can be obtained by the
statistical method with matrix formalism in paraxial optics, which can describe the propaga‐
tion of light. The light at the initial state (ri, r'i), where ri is a distance from an optical axis and
r'i is a slope of the light direction, can be transferred by some matrices. In the case of Fig. 5,
the matrix expressing free-space propagation can transfer the initial state (ri, r'i) at the optical
fiber end to the final state (r f , r' f ) at the PMT sensitive area. We obtained the value of
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Quantum
efficiency
(ηqe )

Dark
noise

sensitive
area
(ϕ3)

Numerical
Aperture
(NA3)

Detection
window
(ϕ4)

PMT (H7421) 40% at 550nm 100 s-1 5.0 mm 0.123 7.2 mm

APD (SPCM-AQR-14) 55% at 550nm 100 s-1 0.175 mm 0.78 6.16 mm

Table 1. Characteristics of photon detectors in reference [17] and [18]
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The value of NA3 can be calculated from the geometrical structure between the sensitive area
and the photon detection window.

2.2.2. Coupling efficiency

As showing in section 2.1, under the condition of ϕ0 >ϕ3, it is necessary to optimize ϕ0, NA0

and to design the coupling optics for maximal sensitivity. In the use of the PMT detector, it is
not absolutely necessary to optimize ϕ0, NA0, because the characteristics of ϕ3 =5.0mm
sufficiently satisfies the condition of ϕ0 <ϕ3 for the typical optical fiber. For easy construction,
here, the optical fiber end was directly connected to the attachment of the PMT counting head
without the additional coupling optics as shown in Fig. 5.

Figure 5. Geometrical structure of the PMT counting head

The coupling efficiency ε(ϕ0, NA0) in such geometrical structure can be obtained by the
statistical method with matrix formalism in paraxial optics, which can describe the propaga‐
tion of light. The light at the initial state (ri, r'i), where ri is a distance from an optical axis and
r'i is a slope of the light direction, can be transferred by some matrices. In the case of Fig. 5,
the matrix expressing free-space propagation can transfer the initial state (ri, r'i) at the optical
fiber end to the final state (r f , r' f ) at the PMT sensitive area. We obtained the value of
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ε(ϕ0, NA0) by counting the number of the final states inside the sensitive area for many initial
states selected with random numbers, which were generated by using the software package
based on algorithm of Mersenne Twister in reference [19]. The calculated results are shown as
a function of NA0 in Fig. 6. Since the value of ϕ3 is approximately 5 times as large as one of
ϕ0, the coupling efficiency ε(ϕ0, NA0) is independent of ϕ0, but monotonically decreasing with
NA0. Therefore, we calculated the FOM for confirming the existence of optimal conditions for
ϕ0, NA0. Fig. 7 shows the plot of the calculated FOM as a function of NA0 and obviously
indicates that the FOM is almost constant to NA0. Thus, we determined NA0 =0.37 and
ϕ0 =1.0 mm because of availability and flexibility of the optical fiber. These values easily give
the coupling efficiency ε(ϕ0, NA0) of 21.7% and FOM×100 of 0.420.

Figure 6. Calculated values of the coupling efficiency ϕ0 as a function of NA0. The solid circles represent the values at
ϕ0 = 0.8 mm, the solid triangles are the values at ϕ0 = 1.0 mm, and the solid inverse triangles are the values at
ϕ0 = 1.5 mm.

On the other hands, in the use of the APD, the optimization of NA0 =0.37, ϕ0 =0.6 mm and the
design of the optimal coupling optics are absolutely necessary. A simple optically coupling
way is shown in Fig. 8. With the above APD, the condition of FOM×100 and ε(ϕ0, NA0)
maximizes the FOM and the value of η(NA0) is 0.234. The determined design parameters of
the coupling optics give the maximum ε of 33.3% and NA0 of 1.97%. The detailed description
about the determination of the design parameters is given in [3] and [4].
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Figure 7. Calculated values of FOM as a function of NA0. The solid circles represent the values at ϕ0 = 0.8 mm, the solid
triangles are the values at ϕ0 = 1.0 mm, and the solid inverse triangles are the values at ϕ0 = 1.5 mm.

Figure 8. One example of additional coupling optics

The relative sensitivity for the bioluminescence detection can be compared by using a product
of FOM and the quantum efficiency ηqe of the detector as an indicator. For the PMT, the value

of (FOM⋅ηqe)×100 is 0.168 and 0.129 for the optimal values of the above APD.In such direct

connection, the sensitivity with the PMT is almost same as with the APD. For the system with
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the PMT, furthermore, it should be noted that the coupling efficiency ε at NA0 =0.37 and
ϕ0 =1.5 mm can be 100% using the additional coupling optics as shown in Fig. 8. These values
give (FOM⋅ηqe)×100 = 1.77, which is about 10 times larger than the present value.

3. Sensitivity test for ATP detection

3.1. Luciferin-luciferase reaction

Bioluminescence in living organisms, such as fireflies and some marine bacteria, typically
occurs due to the optical transition from the excited state to the ground state of oxidized
luciferin molecules produced by the luciferin-luciferase reaction under the catalytic activity of
luciferase molecules. This reaction can be expressed by the following squential of reaction
steps:

E +  S +  LH2 ⇄C1 + PPi

C1 + O2 →C2 + AMP + CO2 +  γ

C2 ⇄  E + P ,

where E indicates luciferase, S ATP, LH2 luciferin, PPi pyrophoric acid, C1 is an enzyme-
substrate compound E⋅LH2-AMP, AMP adenosine monophosphate, P oxyluciferin ( oxidized
luciferin ), C2 a luciferase-oxyluciferin compound, and γ a photon in reference [20]. The
emission of one photon at the position of luciferase molecule corresponds to the use of the
energy of one ATP molecule. Against the second reaction which is a rate-limiting reaction in
the above reaction chain, it is known that the following reaction is competitive,

C1 + O2 →C3 + H2O2

C3 ⇄  E + L - AMP ,

where L - AMP represents dehydroluciferyl-adenylate, C3 is an enyzme-substrate compond
E⋅L-AMP as described in [21]. This reaction does not induce the photon emission. Dehydro‐
luciferyl-adenylate L - AMP as well as oxyluciferin is known as a competitive inhibitor to the
equilibrium reaction in [22].

In the presence of enough luciferin molecules, the immobilization of luciferase molecules at
the optical fiber end allows us to sense the present of ATP around the fiber end using single
photon counts. For this purpose, we used a compound protein containing a silica-binding
protein ( SBP ) molecule and a luciferase molecule ( SBP-luciferase ), which were recently
synthesized by Taniguchi and co-workers in [23]. This protein makes it possible to immobilize
a lucuferase molecule on the optical fiber end through a SBP molecule retaining its activity.
The spectrum of the emitted photons shows a central wavelength of 550 nm and a width of
about 100 nm in reference [24] and [25]. Both photon detectors of the APD and the PMT have
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the large quantum efficiency at 550 nm, the photon counting detectors are suitable for ATP
sensing.

3.2. Michaelis-Menten formula

In the solution containing nonlocalized homogeneously dispersed luciferase and ATP, the
Michaelis-Menten formula is applicable to the enzyme reaction as descibed in [26]. In the
presence of sufficient luciferin molecules in the solution, a rate of emitted photons at steady
state vγ can be expressed as the Michaelis-Menten formula,

vγ =
V maxs

s + KM
, (3)

where Vmax is a maximum reaction rate which is equivalent to a product of a concentration of
luciferase molecules and a reaction constant h 1 from C1 to C2, KM  is the Michaelis constant,
and s is the ATP concentration. In the fiber-based system for sensing dispersed ATP molecules,
on the other hands, an ATP-flow generated by a gradient of ATP concentration around the
luciferase-terminated fiber end carries ATP molecules to the vicinity of immobilized luciferase
molecules. One of ATP molecules is bound to one immobilized luciferase molecule near them
and subsequently used for the luciferin-luciferase reaction at this fiber end. By solving reaction-
diffusion equations, as described in [4], we have confirmed that an ATP diffusion rate is not a
rate-limiting process when the number of immobilized luciferase molecules is 1011 order and
the ATP diffusion constant is D=0.5×10-3mm2 / s given in [27]. Therefore, the Michaelis-Menten
formula Eq. (3) can be also applied for the fiber-based system without change.

3.3. Mesurement of the sensitivity

3.3.1. Experimental setup

Fig.9 shows the experimental setup for the sensitvity test and the investigation of biolumines‐
cence at the optical fiber end. One optical fiber end was optically connected to the PMT as
describing in the previous section. On the other fiber end, the luciferase molecules were
immobilized via SBP molecules and the bioluminescent reaction occurs by immersing the
luciferase-terminated fiber end into a sample solution. The emitted photons were transmitted
to the PMT through the optical fiber and TTL pulses outputted from the PMT were counted
by a PC card installed in a personal computer(PC). To reducing the background light, the whole
system was put into the dark box.

For the observation of the bioluminescence rising, a test tube containing the sample solution
was fixed on the Z-stage, which is a motorized stage and externally controllable. By raising
the test tube for immersing the luciferase-terminated fiber end after starting the data acquisi‐
tion system, the photon counts rising from the background level and subsequently reaching a
maximum were observed with time. The numbers of detected photons during 0.0298 s or
during 0.1 s were recorded every 0.0321s or every 0.1s by the PC, respectively. These values
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diffusion equations, as described in [4], we have confirmed that an ATP diffusion rate is not a
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describing in the previous section. On the other fiber end, the luciferase molecules were
immobilized via SBP molecules and the bioluminescent reaction occurs by immersing the
luciferase-terminated fiber end into a sample solution. The emitted photons were transmitted
to the PMT through the optical fiber and TTL pulses outputted from the PMT were counted
by a PC card installed in a personal computer(PC). To reducing the background light, the whole
system was put into the dark box.

For the observation of the bioluminescence rising, a test tube containing the sample solution
was fixed on the Z-stage, which is a motorized stage and externally controllable. By raising
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were obtained from a calibration test of data acquisition system. The details on the experi‐
mental setup and the measurements are described in reference [28].

Figure 9. Experimental setup for investigation of bioluminescence at the optical fiber end

3.3.2. Immobilization of luciferase

Before immobilizing luciferase molecules, we cut the optical fiber and cleaned the cut surface
with ethanol and Tris buffer (0.25mM Tris-HCl with 0.15 M NaCl). Different from the previous
experiments with the APD, we cleaved the optical fiber for making a flat surface on the fiber
end, which can reproduce the number of immobilized luciferase. The flat surface also allows
us to indivisually evaluate the number of immobilized luciferase molecules by using element
analysis, although the sensitivity with the flat surface is about 10 times lower than the one with
the appropriately irregular surface cut without the cleaving technique as described in [29]. The
cut surface was direcly observed by using the fiber scope and checked its flattness by eyes.
After cleaning, the surface was immersed in a solultion of SBP-luciferase and was left at a
temperature of 3℃ to 6℃ for a period of about two hours.

For evaluating the number of immobilized luciferase molecules, element analysis to the fiber
end was carried out by using Xray Photoemission Spectroscopy (XPS). We measured a
spectrum including peaks from nitrogen in the SBP-luciferase and from silicon on the surface
of the fiber end which made with the silica and obtained the ratio of the area of the nitrogen-
peak to the one of the silicon-peak. Utilizing the absolute number of silicon on the surface of
the fiber end, the surface density of immobilized luciferase molecules was determined to be
2.0×1010mm-2. By repeating the same measurement and analysis, the error of the surface
density was estimated to be 15 %.
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3.3.3. Sample solutions

The samples were a 1:4:4:31 mixture of 20 mM D-luciferin solution, Tris buffer solution( 250
mM Tris-HCl mixed with 50 mM MgCl2 ), ATP solution, and distilled water. Several solutions
of ATP with different ATP concentrations were made by diluting the ATP standard in ATP
Bioluminescence Assay Kit CLS II manufactured by Roche Co. Ltd. A series of sample solutions
with different ATP concentrations were prepared in advance. To obtain a background before
the ATP measurements, an additional sample without ATP was also produced by mixing
distilled water instead of the ATP solution.

3.3.4. Results

The time dependence of photon counts per 0.1-s interval were measured in immersing the
luciferase-terminated fiber end into the sample solutions with various ATP concentration and
converted to the values of photon counting rate. A typical result for 100 μl at the ATP concen‐
tration of 1.65×10-6 M is shown in Fig. 10.

Figure 10. Time dependence of measured counting rate for 100 μl at the ATP concentration of 1.65 × 10-6 M.

The photon counts rise up, reach a maximum at about 100 s, and decrease toward the back‐
ground level with time scale of 1000 s after the immersion. The background level was about
130 s-1, which was essentially determined by the dark counts. For observing the detection limit
of the ATP concentration, we obtained the integrated counts of detected photons over the time
range from 0 to 100 s for various ATP concentrations. The result is shown as a function of the
ATP concentration in Fig. 11.
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Figure 11. Number of photons integrated over the time range from 0 to 100 s as a function of ATP concentration.

Statistical errors were estimated as one standard deviation assuming Poisson distribution.
From Fig. 11, the sensitivity in this system is limited to 1.65×10-9 M, whichcorresponds to a
number of ATP molecules of about 10-14 mol in the 10 μl solution. This value is about 10 times
higher than the one in the previous experiment with the APD as described in [3] and [4],
although the FOM of this system is almost same as of the APD system. In this experiment, the
surface flatness of the luciferase-terminated fiber end makes us identify the effective area as
the cross section of the cut surface, as while the effective area of the cut surface in the previous
experiment with the APD system was enlarged due to a surface asperity.On the effect of such
different cutting ways, we have already confirmed that the sensitivity in the flat surface is
about 10 times lower than the one in the appropriately irregular surface cut without the
cleaving technique. Therefore, the above results are consistent with our previous results by
using the APD.

To check the ATP concentration dependence of the photon counting rate at maximum, the
average of counts in sixteen 1-s intervals around the time at which the counting rate become
maximal was calculated for each ATP concentration. The results are indicated by the solid
circles in Fig. 12. By the analysis of fitting data points in Fig. 12 to Eq. (3), we obtained the
Michaelis constant of KM =6.47×10-5 M and the maximum reaction rate of Vmax =7.38×104s -1.
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Figure 12. Measured photon counting rate as a function of ATP concentrations. Solid line is a curve obtained by fit‐
ting data with the Michaelis-Menten formula.

3.3.5. Discussion

The detection limitis essentially determined by both of the parameter Vmax and the dark noise
of the photon detector. Since the Vmax can be expressed as Vmax =εtotal ⋅h 1 ⋅ e0, where h 1 is a
reaction rate of one luciferase molecule, e0 is a total number of immobilized luciferase molecules
on the optical fiber end and εtotal  is a total detection efficiency, we can calculate the value of
Vmax with εtotal =η ⋅ε ⋅ηqe which is 0.00171 at 550 nm, ϕ0 =1 mm, the surface density of immo‐

bilized luciferase given by 2.0×1010mm-2, and h 1 =0.125 s -1 in reference [30]. The prediction of

Vmax is 3.36×106s -1, which is two orders of magnitude larger than the obtained value of

7.38×104s -1. In our previous experiment with the APD, the predicted value of Vmax was also
one order of magnitude rather than the obtained one. Possible reasons are a reduction of h 1,
or an existance of inactive luciferase molecules, or both of them as discussed in reference [4]
and [31]. To clarify the reason, it is necessary to individually evaluate the number of active
immobilized luciferase molecules ea and the reaction rate h 1, respectively, from experimental
data.

In the PMT system, it is noted that the improvement of two orders of magnitude for Vmax is
promising by using the optimal optics coupled to the optical fiber with ϕ0 =1.5 mm and
NA0 =0.37 and the optical fiber end with the appropriately irregular surface cut without the
cleaving technique for immobilizing the luciferase.
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4. Investigation of bioluminescence at the optical fiber end

4.1. Measurement of the bioluminescence with high time resolution

To obtain the reaction rate h 1, the number of acitve luciferase molecules ea, and other kinetic
parameters from experimental data, the counts of photons with high time resolution and the
advaced analysis to such data are necessary. The data acquisition system has a capability of
recoding the numbers of detected photons every 0.0321s. By making a full use of this specifi‐
cation, the time dependence of detected photons with high time-resolution at the ATP
concentration of 1.65×10-4 M was obtained as shown in Fig. 13.

Figure 13. Time dependence of detected photons with the resolution of 0.0312 s at the ATP concentration of
1.65 × 10-4 M. The upper figure (a) shows the result in the solution of 100 μl. Solid line represents an extrapolation of
the fitting curve with the parameters obtained by fitting the data from 0 s to 30 s. The lower figure (b) shows a magni‐
fied plot around the peak.

Current Developments in Optical Fiber Technology308

Fig. 13 (a) shows the result of the detected photons with the immobilized SBP-luciferase
molecules at the optical fiber end into the solution of 100 μl at the ATP concentration of
1.65×10-4 M. For comparison, we also measured the time depencence of the photons with
homogeniously dispersed SBP-luciferase molecules in the solution of 500 μl. The direct
measurement of bioluminescence was carried out with an other type of cooled PMT detector
having a huge sensitve area of 1 cm×1 cm to detect the bioluminescence from a large area of
the solution. The details on the direct measurement and the data analysis for dispersed
luciferase molecules are given in reference [28].

4.2. Analysis

4.2.1. Reaction model including inhibitors

For obtaining kinetic parameters of bioluminescient reaction, we consider the rate equations
including the effects of inhibitors. In the luciferin-luciferase reaction, two kinds of products,
oxyluciferin and L - AMP are strong cometitive inhibitors to substrates. Each equilibrium
constant for exyluciferin Ki and for L - AMP Kj has been measured and the values of Ki =0.5 μM
and K j =3.8 nM are given in reference [22]. For simplicity of the model, we assume that two
inhibitors contribute the competitive inhibition to the equilibrium reactions between luciferase
and ATP in the presence of enough luciferin molecules. Fig. 14 shows the reaction steps of
luciferin-luciferase reaction including the effects of competitive inhibitors.

Figure 14. Enzyme reaction including the inhibitors

Here, s, e, p, nγ, c1, c2, c3 in Fig. 14 represents a concentration of ATP, luciferase, oxyluciferin,
photon, E⋅LH2-AMP, E⋅P, and E⋅L-AMP, respectively, k+, k-, ki+, and ki- are kinetic coeffi‐
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cients for equilibrium and h 1 and h 2 are reaction rates. Since the inhibition by L - AMP is much
stronger than the ones by oxyluciferin, it can be assumed that the enzymes in the state of the
enzyme-susbstrate compound do not release L - AMP molecules and concequently lose the
activation in the time scale of our experiment.

In the use of the immobilized luciferase molecules for sensing dispersed ATP molecules, it is
natural to consider that the reaction occures in a volume ΔV which is the vicinity of the
luciferase-terminated optical fiber end. Therefore, the serise of the rate equations describing
the enzyme reaction shown in Fig. 14 in the volume ΔV can be expressed as

de
dt = - k+es + k-c1 + ki-c2 + ki+ep (4)

d c1

dt =k+es - (k- + h 1 + h 2)c1 (5)

d c2

dt =h 1c1 - ki-c2 + ki+ep (6)

d c3

dt =h 2c1 (7)

d nγ
dt =h 1c1 (8)

NAV0
ds
dt = - k+se + k-c1 (9)

NAΔV dp
dt = - ki+ep + ki-c2, (10)

where the variable e, nγ, c1, c2, c3 is a number of each kind of molecules or photon in the volume
ΔV. The variable s and p is the concentration of ATP and oxyluciferin, respectively, and their
unit is M. The NA is Avogadro number and the V0 is a volume of the solution. The unit of k-,

ki-, h 1, h 2 is s -1 and of k+, ki+ is M-1s -1. The volume V0 is explicitly utilized into Eq. (9), since the
concentration of ATP in the volume of V0 is almost same as in the volume of  ΔV because of a
rapid diffusion rate. The volume ΔV can be approximately considered as a cylinder with a
diameter of ϕ0 =1 mm and a height of 10 nm because the size of SBP-luciferase molecules is

about several nanometer, and its value is ΔV=7.85×10-12 l.

In addition to the above rate equations, the following conditions described as,

ea = e + c1 + c2 + c3 (11)

nγ =c2 + NAΔVp (12)
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should be satisfied. The condition of Eq. (11) shows that the total number of active luciferase
molecules ea is constant and Eq. (12) means that the total number of photons is equivalent to
that of oxyluciferin molecules. The Michaelis constant Km and the equilibrium constant of
oxyluciferin Ki can be expressed as

Km =(k- + h 1 + h 2) / k+ (13)

Ki =ki- / ki+ (14)

Using Eq. (11), Eq. (12), Eq. (13), and Eq. (14) as boundary conditions and inputting the constant
values of ea, h 1, h 2, k+, ki-, Km, Ki and the initial values for variables, we can numerically solve
the rate equations and obtain the time evolution of nγ as the numerical solution at each time
step. To simplify the numerical calculation, we assumed that oxyluciferin molecules instanta‐
neously move out from the volume of ΔV because of the fast diffusion rate of the oxyluciferin
molecules. Therefore, the kinetic constant ki+ can be practically zero. This treatment means that
the influence of the competitive inhibition by the oxyluciferin can be neglected.

In the solution containing non-localized homogenous dispersed SBP-luciferase, the volume of
ΔV in the equations is replaced with the volume of the solution V0 and the kinetic constant ki+

is treated as non-zero.

4.2.2. Results of analysis

The five parameters a(ea, k+, ki-, h 1, h 2) were treated as fitting parameters and the data was
fitted to numerical solution of nγ for obtaining the values of a. As the first step, by inputting

the initial values of a to the rate equations, the emitted photon Nth
i (a) was calculated every

time step of 0.0321 s with Ki =0.5 μM given in [22] and Km =6.47×10-5 M, which was deduced

from the data analysis shown in Fig. 12. The data-set of Nth
i (a), the n0 number of measurend

counts per 0.0321 s Nexp
i , and the background counts Nexp

0  enable us to calculate a chi-square

χ 2 with the formula given by

χ 2(a)= ∑
i=1

n0 {(N exp
i - N exp

0 ) - N th
i (a)}2

(N exp
i + N exp

0 ) (15)

The chi-square χ 2(a) is a good indicator for fitting data and its minimum gives the optimal
combination of probable values in a. Solving the series of the rate equations was executed by
using the software package RKSUITE based on the Runge-Kutta method [32] and the mini‐
mization of the chi-square was performed with routines of MINUIT package provided by
CERN software [33].
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The result of fitting the data from 0 s to 30 s is represented as a solid line in Fig. 13 (a), which
is extrapolated to 60 s using the obtaind parameters. This result is not reproduced completely
in the time range from 0 s to 60 s, because the effect of the competitive inhibition of oxyluciferin
is not considered and the fitting fuction includes only the contribution of the deactivation
process. The inhibition of the oxyluciferin weakens with time due to its diffusion process, but
this diffusion effect is not considered in this analysis. In contrast, the contribution of the
deactivation process, which was evaluated by fitting the data around the peak, is concequently
overestimated compared to the actual contribution. Therefore, the effect of the relatively strong
evaluation for the deactivation process appears in the time range after 30 s.

The parameters obtained by fitting the data are summarized in table 2 together with the results
of the dispersed luciferase for comparison. The parameter r  represents the activation ratio of
the SBP-luciferase, which can be defined as a ratio of the number of active luciferase molecules
ea to the total number of immobilized luciferase molecules e0, which can be calculatedfrom the
surface density of immobilized SBP-luciferase or from the concentration of the dispersed SBP-
luciferase. In addtion, the parameter k- and ki+ was derived from Eq. (13) and Eq. (14), respec‐
tively. The statistical error was 3 % at the maximum, but the systematical error was estimated
to be 20 % taking account of the errors of the numerical calculation and the parameters used.

dispersed luciferase immobilized luciferase

Volume of solution 500 μl 100 μl

Region used for fitting 0 – 60 s 0 – 30 s

r  ( ea / e0) 0.44 0.010

k+ 1.7 × 104M-1s -1 2.1 × 104M-1s -1

h 1 0.21s -1 0.61s -1

h 2 0.090s -1 0.073s -1

ki- 0.090s -1 0.25s -1

k- 0.83s -1 0.68s -1

ki+ 1.8 × 105

Table 2. Summary of obtained parameters

4.3. Discussion

In table 2, it is easily seen that the kinetic parameters in the immobilized luciferase are almost
same as in the non-localized dispersed luciferase except the reaction rate of h 1. Since the rising
time is approximately given by 1 / k+s, it is useful for checking a consistency of k+ with the

reference. For dispersed luciferase, the rising time of 0.29 s is obtained with k+ =1.7×104M-1s -1

and for immobilized luciferase, the rising time of 0.36 s is given by the value of
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k+ =2.1×104M-1s -1. Both of them are close to the value of 0.3 s in reference [34], so that their
values are consistent with the reference.

On the reaction rates, the obtained value of h 1 =0.61 s -1 for immobilized lucifrase is about 5

times larger than the reference value 0.125s -1 given in [30], but the order of both values is the
same. A more precise comparison is not meaningful, because the surrounding environment of
luciferase is not exactly same as in the reference.On the other hands, a branching ratio to the
deactivation process, which is given by h 2 / (h 1 + h 2), can be estimated to be 30 % for immobi‐
lized luciferase and 10 % for dispersed luciferase, respectively. Since the reference value of 20
% is given in [22], both of them are close to the refrence value. Thus, we can consider the
obtained values of the parameters are almost consistent with the values which had been
measured so far.

From table 2, the activation ratio r  is 44 % for the dispersed SBP-luciferase and 1 % for the
immobilized SBP-luciferase, respectively. In contrast, the reaction rate h 1 is the same order as
the value we expected. Therefore, the detection limit for ATP detection results in two orders
of magnitude larger than the expected one. As a concequence, the results of the sensitivity test
described in Section 3 can be explained from the reduction of the activation ratio for the
immobilized luciferase molecules.

5. Summary

We introduced a method of high-sensitivity detection of bioluminescence at an optical fiber
end for an ATP detection as an efficient alternative to direct detection of bioluminescence for
a sample solution. For investigation of the bioluminescence, we constructed an optical fiber-
based system, where the luciferase molecules are immobilized on the optical fiber end and the
other end is optically coupled to a compact size of cooled PMT-type photon counting head
which has a large sensitive area. Although the sensitivity for the bioluminescence is not
optimal, it is almost same as the system which had been constructed with an APD-type photon
counting detector. We have evaluated the sensitivity for ATP detection and verified the
detection limit of 10-9 M which is consistent with the previous results with the APD-type
detector. This detector limit allows us to detect the absolute ATP number of 10-14 mol in a 10 μl
solution, but it is two orders of magnitude larger than the expected one. For clarifying the
reason, we have performed measurements with high time resolution and analyses of data by
using an enzyme reaction model including inhibitors to individulally obtain an activation ratio
and a reaction rate of the immobilied luciferase. As the results, the reaction rate of 0.61 s -1 and
the activation ratio of 1 % have been obtained and these results have explained the reason of
two orders of magnitude higher than the expected one. For reducing the detection limit more,
it is necessary to improve the activtion ratio of the immobilized luciferase on the optical fiber
end as well as the enlargement of the effective area of the cut surface based on a surface asperity
and the increase of the FOM with the optimal values of a core diameter ϕ0, a numerical aperture
NA0 and parameters of the coupling optics.
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immobilized luciferase molecules.
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1. Introduction

Smart technical textiles are by definition textiles that can interact with their environment.
They can sense and react to environmental conditions and external stimuli from mechanical,
thermal, chemical or other sources. Such textiles are multifunctional or even “intelligent”
which is fulfilled by a number of sensors incorporated in the textiles. The embedded sensors
are sensitive to various parameters such as temperature, strain, chemical, biological and oth‐
er substances.

Technical textiles are commonly used within several industrial sectors ranging from medi‐
cal, healthcare, earthworks, construction, civil engineering, transport, to name a few. Europe
has driven substantial developments in technical textile technologies[1]. Smart technical tex‐
tiles are going to stimulate the European engineering, transportation and construction in‐
dustry and to improve human performance and health. For example, technical textiles are
extensively used in construction in form of geotextiles for the reinforcement of earthworks
and masonry structures. The retrofitting of existing masonry walls and soils structures by
technical textiles gains more and more importance especially in connection with earthquake
protection of historic buildings and protection of roads and railway embankments against
landslides. Wearable health systems and protective clothing have been recognized as key
technologies to improve the personal protection and health care of Europe’s citizens[2].
Smart biomedical garments and clothing act as “a second skin” and detect, for instance, vital
signals of the wearer’s body or changes in the wearer’s environment.

The most effort in the past was made to integrate non-optical sensors into textiles. Optical
fibers integrated in textiles were mostly explored for illumination or luminescent purposes.
Smart technical textiles containing fiber optic sensors are still an exception. When integra‐
tion of sensors into textiles is considered, optical fibers have a serious advantage over other
kinds of sensors due to their fibrous nature. The optical fiber is similar to textile fibers and
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can be ideally processed like standard textile yarns. Particularly, the integration of polymer
optical fibers (POF), with their outstanding material properties, into technical textiles has
not seriously been considered, until now. POF offer additional benefits to users. They are
lightweight, robust, cheap and easy to handle. Especially because of their high elasticity and
high breakdown strain POF are ideally suited for integration into technical textiles[3].

2. Geotextiles based on distributed fiber optic sensors for structural
health monitoring

For stabilization and reinforcement of geotechnical structures like dikes, dams, railways,
embankments, landfills and slopes geotextiles are commonly used. The incorporation of op‐
tical fibers in geotextiles leads to additional functionalities of the textiles, e.g. monitoring of
mechanical deformation, strain, temperature, humidity, pore pressure, detection of chemi‐
cals, measurement of the structural integrity and the health of the geotechnical structure
(structural health monitoring). Especially solutions for distributed measurement of mechani‐
cal deformations over extended areas of some hundred meters up to some kilometers are ur‐
gently needed. Textile-integrated distributed fiber optic sensors can provide for any position
of extended geotechnical structures information about critical soil displacement or slope
slides via distributed strain measurement along the fiber with a high spatial resolution of
less than 1 m. So an early detection of failures and damages in geotechnical structures of
high risk potential can be ensured.

Geotextiles with incorporated fiber optic sensors based on fiber Bragg gratins (FBG) were
demonstrated in the past[4]. Monitoring systems based on such geotextiles can only meas‐
ure quasi-distributed strain over limited lengths and the relative high price of the FBG-
equipped geotextiles might be an additional drawback of the systems. The monitoring of
extended geotechnical structures like dikes, dams, railways, embankments or slopes re‐
quires sensor technologies with gauge lengths of some hundred meters or even more. Sen‐
sor systems based on the stimulated Brillouin scattering in silica fibers have been used for
such monitoring purposes. It was reported in the past about a geotextile-based monitoring
system using the Brillouin optical-fiber frequency-domain analysis (BOFDA) for measure‐
ments of critical soil displacements of dikes[5]. However, the excellent measurement techni‐
que based on Brillouin scattering in silica fibers reaches its limits when strong mechanical
deformations, i.e. strain of more than 1 % occurs. In such a case sensors based on silica fibers
cannot be reliably used. Furthermore, silica fibers are very fragile when installing on con‐
struction sites and, therefore, special robust and expensive glass fiber cables have to be used.
For that reason, the integration of POF as a sensor into geotextiles has become very attrac‐
tive because of the high elasticity, high breakdown strain and the capability of POF of meas‐
uring strain of more than 40 %. Especially the monitoring of relative small areas with an
expected high mechanical deformation such as endangered slopes takes advantage of the
outstanding mechanical properties of POF. The monitoring of slopes is a very important
task in the geotechnical engineering for prevention of landslide disasters and no reliable
sensor methods exist, so far. To overcome the limit of glass-fiber-based geotextiles, a novel
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distributed fiber optic sensor based on low-priced standard POF and using the OTDR (opti‐
cal time-domain reflectometry) which is suitable for integration in technical textiles has been
developed and demonstrated[6].

Such innovative textile-integrated distributed Brillouin and POF OTDR sensors for the
above mentioned monitoring purposes have been developed within several German
projects and the European project POLYTECT. The POLYTECT project has particularly fo‐
cused on the development of polyfunctional technical textiles against natural hazards. The
aim of POLYTECT has been to develop and investigate new multifunctional textile struc‐
tures for the application in construction for the retrofitting of masonry structures and earth‐
works. The retrofitting of existing masonry walls and soil structures is particularly
important for earthquake protection of historic buildings and protection of earthworks
against landslides. The new and advanced textile structures containing optical fibers as sen‐
sors will be able to increase the ductility and the structural strength of masonry and geo‐
technical structures and to prevent structural damage[6]. For this, the sensors incorporated
into the textile structures will monitor strain, deformation, humidity and will detect pres‐
ence of chemicals. The development of the sensors carried out within the above mentioned
projects has advanced and a number of field tests using distributed Brillouin and POF
OTDR sensors have successfully been conducted.

2.1. Monitoring of geotechnical structures using distributed Brillouin sensors embedded
in geotextiles

The use of stimulated Brillouin scattering (SBS) for distributed measurement of temperature
and strain was already demonstrated 20 years ago[7]. The SBS is the most dominant nonlin‐
ear effect in single-mode silica fibers and can be described as a three-wave-interaction of
two contra-propagating light waves and an acoustic wave in the fiber. Because of the strain
and temperature dependence of the Brillouin frequency shift of the scattered light, sensor
systems based on this effect can be used for distributed strain and temperature measure‐
ments. The first distributed Brillouin sensing systems named Brillouin optical-fiber time-do‐
main analysis (BOTDA) operated in a time-domain, which means that a short pulse is sent
along the fiber and the backscattered light is recorded over time and contains information
about the strain or temperature along the fiber[8]. During the last two decades the perform‐
ance of BOTDA sensor systems has improved steadily. The operating range of these sensors
is typically in the order of 20-30 km for 2-3 m spatial resolution. Today, several devises
based on this technique are commercially available.

In 1996 an alternative approach named Brillouin optical-fiber frequency-domain analysis
(BOFDA) was introduced[9]. The BOFDA operates with sinusoidally amplitude-modulated
light and is based on the measurement of a baseband transfer function in frequency domain
by a network analyzer (NWA). A signal processor calculates the inverse fast Fourier trans‐
form (IFFT) of the baseband transfer function. In a linear system this IFFT is a good approxi‐
mation of the pulse response of the sensor and resembles the strain and temperature
distribution along the fiber (Fig. 1). The frequency-domain method offers some advantages
compared to the BOTDA concept. One important aspect is the possibility of a narrow-band‐
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can be ideally processed like standard textile yarns. Particularly, the integration of polymer
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along the fiber and the backscattered light is recorded over time and contains information
about the strain or temperature along the fiber[8]. During the last two decades the perform‐
ance of BOTDA sensor systems has improved steadily. The operating range of these sensors
is typically in the order of 20-30 km for 2-3 m spatial resolution. Today, several devises
based on this technique are commercially available.

In 1996 an alternative approach named Brillouin optical-fiber frequency-domain analysis
(BOFDA) was introduced[9]. The BOFDA operates with sinusoidally amplitude-modulated
light and is based on the measurement of a baseband transfer function in frequency domain
by a network analyzer (NWA). A signal processor calculates the inverse fast Fourier trans‐
form (IFFT) of the baseband transfer function. In a linear system this IFFT is a good approxi‐
mation of the pulse response of the sensor and resembles the strain and temperature
distribution along the fiber (Fig. 1). The frequency-domain method offers some advantages
compared to the BOTDA concept. One important aspect is the possibility of a narrow-band‐

Smart Technical Textiles Based on Fiber Optic Sensors
http://dx.doi.org/10.5772/54244

321



width operation in the case of BOFDA. In a BOTDA system broadband measurements are
necessary to record very short pulses, but in a BOFDA system the baseband transfer func‐
tion is determined point-wise for each modulation frequency, so only one frequency compo‐
nent has to be measured by NWA with a narrow resolution bandwidth. The use of a narrow
bandwidth operation (detectors) improves the signal-to-noise ratio and the dynamic range
compared to those of a BOTDA sensor without increasing the measurement time. Another
important advantage of a BOFDA sensor is that no fast sampling and data acquisition tech‐
niques are used. This reduces costs. Particularly, the low-cost-potential of BOFDA sensors is
very attractive for industrial applications.
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Figure 1. Distributed strain profile measured on a single-mode silica fiber using BOFDA.

As already pointed out, distributed Brillouin sensors are well qualified for the distributed
monitoring of mechanical deformation (strain) of extended geotechnical structures like
dikes, dams and highways of lengths of some hundred meters up to some kilometers and no
alternative sensor techniques for such monitoring purposes exist so far. To push the devel‐
opment of such sensor systems in connection with innovative monitoring solutions based on
smart technical textiles, several research projects have been running in Germany and Eu‐
rope. The German research program RIMAX (Risk Management of Extreme Flood Events)
has mainly focused on the development of intelligent monitoring systems for dike protec‐
tion and was launched as a consequence of extreme floods in Germany in the past decade. A
low-cost monitoring system based on the BOFDA technique and geotextiles containing silica
fibers as distributed Brillouin sensors have been developed within the program[10].

Geotextiles are commonly used in dikes for reinforcement of the dike body and erosion pre‐
vention. By embedding sensing optical fibers in the textiles, distributed measurements of
critical mechanical deformations/soil displacements of dikes of several kilometers can be re‐
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alized. So an early detection of failures in dikes, dams and other large geotechnical struc‐
tures can be ensured in order to prevent a total collapse of these structures in case of natural
disasters. An important task when considering integration of optical fibers in geotextiles is
to ensure an accurate transfer of the mechanical quantities to be measured, i.e. of strain,
from the soil to the textile and so to the fiber. For this, a stable and damage-free integration
of the optical fibers in the geomats is of essential importance. The Saxon Textile Research
Institute (STFI) e.V., Chemnitz, Germany has developed a technology to integrate optical fi‐
bers into geotextiles so that the sensing fiber is well affixed onto the textile and the integra‐
tion procedure does not affect the optical and sensing properties of the fibers. Also the use
of special coating and cable materials are of crucial importance to protect the fragile single-
mode silica fibers against fiber-breakage during the integration into the textiles and the in‐
stallation on construction sites. For that, a novel glass fiber cable was developed and
manufactured by Fiberware, Mittweida, Germany to fulfill the above mentioned require‐
ments on robustness and to assure accurate strain transfer to the sensing fibers[11]. Fig. 2
shows the special cable as well as different types of geotextiles with embedded glass fiber
cables.

Figure 2. Special glass fiber cable for strain sensing manufactured by Fiberware, Germany (left) and two different
types of geotextiles (middle: nonwoven geotextile, right: geogrid) manufactured by STFI, Germany with embedded
glass fiber cables.

The BOFDA monitoring system has been optimized to fit the demands on dike monitoring:
detection of mechanical deformation (strain) with a spatial resolution of 5 m over a distance
range of up to 10 km. The functionality of the monitoring system and the fiber-sensors-
equipped geotextiles has been proven in several installations and field tests in dikes and
dams. For example, Fig. 3 shows the installation of geotextiles with embedded Brillouin
sensing fibers in a gravity dam in Solina, Poland. A thin soil layer of several 10 cm put onto
the geomats after installation has been proven to be a sufficient protection of the textile-inte‐
grated glass fiber cables against heavy machinery and construction work.

An application-like test was carried out at a laboratory dike (15 m long) at the University
Hannover, Germany[11]. A sensor-based geotextile was installed on top of the dike and was
covered with a thin soil layer. To simulate a mechanical deformation/soil displacement, a
lifting bag was embedded into the soil and was inflated by air pressure. This induced a
break of the inner slope of the dike and a soil displacement (Fig. 4). The soil displacement
was clearly detected and localized by the BOFDA system. Fig. 5 shows the distribution of
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stallation on construction sites. For that, a novel glass fiber cable was developed and
manufactured by Fiberware, Mittweida, Germany to fulfill the above mentioned require‐
ments on robustness and to assure accurate strain transfer to the sensing fibers[11]. Fig. 2
shows the special cable as well as different types of geotextiles with embedded glass fiber
cables.

Figure 2. Special glass fiber cable for strain sensing manufactured by Fiberware, Germany (left) and two different
types of geotextiles (middle: nonwoven geotextile, right: geogrid) manufactured by STFI, Germany with embedded
glass fiber cables.

The BOFDA monitoring system has been optimized to fit the demands on dike monitoring:
detection of mechanical deformation (strain) with a spatial resolution of 5 m over a distance
range of up to 10 km. The functionality of the monitoring system and the fiber-sensors-
equipped geotextiles has been proven in several installations and field tests in dikes and
dams. For example, Fig. 3 shows the installation of geotextiles with embedded Brillouin
sensing fibers in a gravity dam in Solina, Poland. A thin soil layer of several 10 cm put onto
the geomats after installation has been proven to be a sufficient protection of the textile-inte‐
grated glass fiber cables against heavy machinery and construction work.

An application-like test was carried out at a laboratory dike (15 m long) at the University
Hannover, Germany[11]. A sensor-based geotextile was installed on top of the dike and was
covered with a thin soil layer. To simulate a mechanical deformation/soil displacement, a
lifting bag was embedded into the soil and was inflated by air pressure. This induced a
break of the inner slope of the dike and a soil displacement (Fig. 4). The soil displacement
was clearly detected and localized by the BOFDA system. Fig. 5 shows the distribution of
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the mechanical deformation (strain) in the dike measured by the BOFDA system at two dif‐
ferent air pressure values.  

 

 

 

 

 

 

 

 

Figure 3. Installation of a non-woven geotextile containing single-mode silica fibers as Brilloin sensors in a gravity
dam in Solina, Poland.

 

 

 

 

 

 

 

 

 

Figure 4. Laboratory dike at the University Hannover, Germany and soil displacement in the dike.

As previously mentioned, a geotextile with embedded Brillouin sensing fibers was installed
in a gravity dam in Solina, Poland to prove the feasibility of the whole concept in the frame‐
work of a real field test Fig. 6. The goal of the field test was to detect possible geophysical
activities in the dam by the fiber-sensor-equipped geotextile of a length of 17.5 m manufac‐
tured by STFI, Germany and embedded in the soil. Distributed measurements by using a
commercially available BOTDA system from Omnisens were conducted. Fig. 7 shows the
distributed Brillouin frequency shift measured on the fiber section embedded in the soil. In
the fiber sections between 205 m and 240 m (where the geomat was embedded in the soil) a
mechanical load is assumed which results in a change of the recorded Brillouin frequency in
these fiber sections.
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Figure 5. Detection of a soil displacement (strain) in the laboratory dike shown in Fig. 4 using the BOFDA system.

 

 

 

 

 

 

Figure 6. Gravity dam in Solina, Poland (left) and the construction site with the sensor-based non-woven geotextile
before embedding in the soil and 3 years later (right).
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Figure 7. Distributed Brillouin frequency shift measured on the fiber section embedded in the soil (between 205 m
and 240 m) 3 years after installation of the geomat.

With the objective of a cost-effective optimization of the BOFDA system a novel measure‐
ment concept based on a digital signal processing has been realized[11]. This concept em‐
ploys a novel digital data acquisition technique, which takes advantage of the reduced
bandwidth required in BOFDA sensor systems. The backscattered optical signals can be dig‐
itally sampled using state-of-the-art analog-to-digital converters and is processed off-line by
means of modern digital signal processing methods, avoiding complex and expensive ana‐
log components such as filters, oscillators and circuitry for signal analysis. The digital opti‐
cal signal processing features several advantages compared to the measurement process
using NWA: less hardware is required, an increase of the dynamic range due to the offline
signal processing and improvement of the data acquisition time is expected.

2.2. Monitoring of geotechnical structures using distributed POF OTDR sensors
embedded in geotextiles

To overcome the limit of silica-fiber-based distributed sensors, a novel distributed strain
sensor based on low-priced standard POF and using the OTDR technique for monitoring of
mechanical deformations of geotechnical structures has been developed. Already published
results showed that it is possible to measure distributed strain in POF using the OTDR tech‐
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nique[12]. In the framework of the German research project “Sensitive textile structures”
(within the German program “ZUTECH” – “Future technologies”) and the European project
POLYTECT further investigations of this effect with respect to the development of a new,
distributed POF sensor embedded in technical textiles have been performed[6], [13].

The functional principle of the POF OTDR technique is very simple. An optical pulse is
launched into the fiber and the backscattered light mainly caused by Rayleigh scattering is
recorded as a function of time. The time interval from launching the pulse into the fiber until
the return of the backscattered light (pulse response) depends linearly on the distance of the
scattering location. The level of the backscattered light increases at locations where strain is
applied to the POF. Fig. 8 (left) shows the OTDR response of an unstretched POF (solid line)
and of a stretched POF (broken line) which is stretched at about 42 m on a 1.4 m long section
by 16 %. Fig. 8 (right) shows the relative change of scattering of the stretched POF section at
different strain values between 0 % and 16 % (calculated relative to the scattering of the un‐
stretched fiber). The scattered light increases steadily with applied strain. Today, several
OTDR devices for POF are commercially available on the market. In the described investiga‐
tions a photon counting OTDR device from Sunrise Luciol has been used. The device oper‐
ates at 650 nm, has a dynamic range of 35 dB and allows a measurement of Rayleigh
scattering along a length of more than 100 m. The photon counting technique is ideal for
achieving high dynamic range on very short sensing lengths. The two-point spatial resolu‐
tion of the OTDR device is limited to 10 cm. An additional solution to evaluate the strain or
length change of a fiber section is to evaluate the shift of reflection peaks along the fiber (see
Fig. 8, left). Such peaks originate for example from Fresnel reflections at the fiber end or fi‐
ber connectors. This technique provides an absolute length change measurement with a res‐
olution of up to 1.5 mm.
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Figure 7. Distributed Brillouin frequency shift measured on the fiber section embedded in the soil (between 205 m
and 240 m) 3 years after installation of the geomat.

With the objective of a cost-effective optimization of the BOFDA system a novel measure‐
ment concept based on a digital signal processing has been realized[11]. This concept em‐
ploys a novel digital data acquisition technique, which takes advantage of the reduced
bandwidth required in BOFDA sensor systems. The backscattered optical signals can be dig‐
itally sampled using state-of-the-art analog-to-digital converters and is processed off-line by
means of modern digital signal processing methods, avoiding complex and expensive ana‐
log components such as filters, oscillators and circuitry for signal analysis. The digital opti‐
cal signal processing features several advantages compared to the measurement process
using NWA: less hardware is required, an increase of the dynamic range due to the offline
signal processing and improvement of the data acquisition time is expected.
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To overcome the limit of silica-fiber-based distributed sensors, a novel distributed strain
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The attenuation of standard PMMA POF limits the distance range of distributed POF OTDR
sensors to about 100 m. Low-loss perfluorinated POF show a big potential as distributed
strain sensors for long distances[14]. It has been shown that using perfluorinated POF it is
possible to monitor fiber lengths of more than 500 m (Fig. 10, left). Recent research has dem‐
onstrated, that perfluorinated POF allow the measurement of very high strain values of up
to 100 % (Fig. 10, right).
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Figure 10. Left: OTDR trace of perfluorinated POF. Right: OTDR signal of perfluorinated POF strained up to 100 %. 
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15

. The 

test was initiated, organized and supervised by Gloetzl Baumesstechnik GmbH, Germany in close cooperation with 
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creeping slope. The 10 m long geogrid was manufactured by Alpe Adria Textil, Italy and comprised one standard 
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Technologies for a damage-free integration of POF into different types of geotextiles have
successfully been developed and demonstrated by several textile partners in Europe like
STFI, Germany and Alpe Adria Textil, Italy. Fig. 11 shows the integration of POF into non‐
woven geotextiles at STFI e.V. as well as a geogrid containing POF. Already the first field
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tests proved that the POF-equipped geotextiles are suited for installation on construction
sites. POF-based geomats have successfully been installed in a railway embankment near
Chemnitz, Germany (Fig. 12)[6]. All POF sensors have survived the installation on construc‐
tion site without any damage. Their functionality has been regularly tested (Fig. 12, right).  

 

 

 

 

 

Figure 11. Integration of POF into nonwoven geotextiles at STFI e.V. (left) and a geogrid containing POF (right).
 

 

 

 

 

 

 

 

 

Figure 12. Installation of POF-equipped geotextiles in a railway embankment near Chemnitz, Germany (left and mid‐
dle) and OTDR traces measured on the textile-integrated POF (right).

During the last years, the POF-equipped geotextiles have successfully moved from the labo‐
ratory to the field. Several field tests have successfully been conducted, e.g. in an open
brown coal pit near Belchatow, Poland[15]. The test was initiated, organized and supervised
by Gloetzl Baumesstechnik GmbH, Germany in close cooperation with Budokop, Poland
and the owner of the coal pit. A sensor-equipped geogrid was installed directly on top of a
creeping slope. The 10 m long geogrid was manufactured by Alpe Adria Textil, Italy and
comprised one standard PMMA POF. Fig. 13 shows the installation of the sensor textile on
top of the slope. It is covered with a 10 cm thick sand layer. The textile is installed with the
POF sensor bridging the cleft perpendicular to the opening. The geogrid was installed in a
slightly corrugated way simulating realistic installation conditions.
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Fig. 9 shows the increase of the scattered light versus applied strain. A non-linear depend‐
ence between the OTDR signal (the backscattering) and the applied strain in the whole
strain range was obtained. Strain of up to 45 % was measured using standard PMMA POF.
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The attenuation of standard PMMA POF limits the distance range of distributed POF OTDR
sensors to about 100 m. Low-loss perfluorinated POF show a big potential as distributed
strain sensors for long distances[14]. It has been shown that using perfluorinated POF it is
possible to monitor fiber lengths of more than 500 m (Fig. 10, left). Recent research has dem‐
onstrated, that perfluorinated POF allow the measurement of very high strain values of up
to 100 % (Fig. 10, right).
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Technologies for a damage-free integration of POF into different types of geotextiles have
successfully been developed and demonstrated by several textile partners in Europe like
STFI, Germany and Alpe Adria Textil, Italy. Fig. 11 shows the integration of POF into non‐
woven geotextiles at STFI e.V. as well as a geogrid containing POF. Already the first field
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tests proved that the POF-equipped geotextiles are suited for installation on construction
sites. POF-based geomats have successfully been installed in a railway embankment near
Chemnitz, Germany (Fig. 12)[6]. All POF sensors have survived the installation on construc‐
tion site without any damage. Their functionality has been regularly tested (Fig. 12, right).  
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Figure 12. Installation of POF-equipped geotextiles in a railway embankment near Chemnitz, Germany (left and mid‐
dle) and OTDR traces measured on the textile-integrated POF (right).

During the last years, the POF-equipped geotextiles have successfully moved from the labo‐
ratory to the field. Several field tests have successfully been conducted, e.g. in an open
brown coal pit near Belchatow, Poland[15]. The test was initiated, organized and supervised
by Gloetzl Baumesstechnik GmbH, Germany in close cooperation with Budokop, Poland
and the owner of the coal pit. A sensor-equipped geogrid was installed directly on top of a
creeping slope. The 10 m long geogrid was manufactured by Alpe Adria Textil, Italy and
comprised one standard PMMA POF. Fig. 13 shows the installation of the sensor textile on
top of the slope. It is covered with a 10 cm thick sand layer. The textile is installed with the
POF sensor bridging the cleft perpendicular to the opening. The geogrid was installed in a
slightly corrugated way simulating realistic installation conditions.
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Figure 13. Installation of a geogrid containing PMMA POF at a creeping slope in a brown coal pit near Belchatow,
Poland.

Measurements were conducted before and after installation. Fig. 14 (left) shows the OTDR
traces of the sensor fiber section (the magnitude of the backscatter increase relative to a refer‐
ence measurement) in the middle of the textile where the fiber bridges the cleft. The figure clear‐
ly shows a backscatter increase due to strain in the fiber at the position where the cleft was
opening. The high peak at about 35 m is caused by a very high and confined strain in the sensor
fiber and textile. The magnitude of the backscatter increase corresponds to a maximum strain in
the fiber of more than 10 %. Such high strain values can only be measured by POF sensors. Silica
fiber-based sensor systems would have failed at a strain exceeding about 1 %.

Due to the gradual increase of cleft width, the overlying textile and therefore the sensor fiber
change their absolute length. By evaluating the relative shift of the reflection peaks at both
ends of the textile-integrated fiber, the values of the total elongation of the fiber sensor indi‐
cating the width of the cleft was obtained. Fig. 14 (right) shows a relative linear increase of
the POF length with time. The measurements indicate that the creep velocity of the slope
was constant during the time of observation with an average rate of about 2 mm per day. 

 

 

 

 

 

Figure 14. POF OTDR traces at the position of the cleft (left) and total elongation of the POF obtained by a peak-shift
evaluation (right).
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Recently, novel geogrids containing low-loss perfluorinated POF (PF POF) have been devel‐
oped and manufactured by Alpe Adria Textil. Already the first field test has proved that the
PF POF-equipped geotextiles are suited for installation on construction sites. PF POF-based
geomats have successfully been installed at the creeping slope Kap Arkona at the German
Baltic coast (Fig. 15, left). All PF POF sensors have survived the installation on construction
site without any damage. At present, their functionality has been regularly tested by using
the POF OTDR technique (Fig. 15, right).
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Figure 15. Left: Installation of PF POF-equipped geotextiles at the creeping slope Kap Arkona at the German Baltic coast. 

Right: OTDR traces measured on the textile-integrated PF POF after installation. 

The successful demonstration of the distributed POF OTDR sensors in the field and the huge interest of the geotechnical 

industry in these sensors resulted in the development of the first commercially available product based on distributed 

POF sensors – GEDISE: Distributed Sensor Technique in Geotextiles using POF (Fig. 16). GEDISE is commercially 

available by Glötzl GmbH, Germany. 

 
Figure 16. Leaflet of GEDISE: Distributed Sensor Technique in Geotextiles using POF (www.gloetzl.de). 

 

2.3 Monitoring of masonry structures using distributed POF OTDR sensors embedded in technical textiles 

The motivation to monitor masonry structures by sensor-equipped technical textiles is to strengthen the masonry 

body and enhance the ductility of the structures and at the same time to monitor the structural health and detect any 

damage of the structures, e.g. due to earthquakes. The development of sensor-based technical textiles containing 

fiber optic sensors for the retrofitting of masonry structures is an innovative task of the European project 

POLYTECT. The targeted applications are masonry and heritage structures that are structurally vulnerable, for 

example in earthquake regions. Typical structural damages that have to be detected are vertical cracks. POF sensors 

are very promising for that since they not only enable distributed strain measurement, they are also appropriate to 

detect very short strained fiber sections of a few millimeters that will occur in case of cracks. For example, Fig. 17 

shows the monitoring of a crack opening in a masonry structure using a POF OTDR sensor. A technical textile 

containing POF was applied to the surface of the masonry sample
6

. Using the POF OTDR technique it was possible 

to detect a crack opening of 1 mm and also the increase of the crack width up to 20 mm in steps of 2 mm (Fig. 17, 

right).  

Using the POF OTDR technique a field test was conducted on an one-storey brick building on a seismic shaking 

table
16

. The test was organized and supervised by the Institute of Mechanics of Materials and Geostructures 

(IMMG), Greece. Fig. 18 shows the POF sensors bonded to the wall with a cementitious resin matrix. The testing 

procedure included several strong shocks, which resulted in structural damage of the building. The task of the 

distributed POF sensors was to provide information about the existence and location of cracks in the structures. The 

Figure 15. Left: Installation of PF POF-equipped geotextiles at the creeping slope Kap Arkona at the German Baltic
coast. Right: OTDR traces measured on the textile-integrated PF POF after installation.

The successful demonstration of the distributed POF OTDR sensors in the field and the huge
interest of the geotechnical industry in these sensors resulted in the development of the first
commercially available product based on distributed POF sensors – GEDISE: Distributed
Sensor Technique in Geotextiles using POF (Fig. 16). GEDISE is commercially available by
Glötzl GmbH, Germany.  
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Figure 13. Installation of a geogrid containing PMMA POF at a creeping slope in a brown coal pit near Belchatow,
Poland.

Measurements were conducted before and after installation. Fig. 14 (left) shows the OTDR
traces of the sensor fiber section (the magnitude of the backscatter increase relative to a refer‐
ence measurement) in the middle of the textile where the fiber bridges the cleft. The figure clear‐
ly shows a backscatter increase due to strain in the fiber at the position where the cleft was
opening. The high peak at about 35 m is caused by a very high and confined strain in the sensor
fiber and textile. The magnitude of the backscatter increase corresponds to a maximum strain in
the fiber of more than 10 %. Such high strain values can only be measured by POF sensors. Silica
fiber-based sensor systems would have failed at a strain exceeding about 1 %.

Due to the gradual increase of cleft width, the overlying textile and therefore the sensor fiber
change their absolute length. By evaluating the relative shift of the reflection peaks at both
ends of the textile-integrated fiber, the values of the total elongation of the fiber sensor indi‐
cating the width of the cleft was obtained. Fig. 14 (right) shows a relative linear increase of
the POF length with time. The measurements indicate that the creep velocity of the slope
was constant during the time of observation with an average rate of about 2 mm per day. 

 

 

 

 

 

Figure 14. POF OTDR traces at the position of the cleft (left) and total elongation of the POF obtained by a peak-shift
evaluation (right).
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Recently, novel geogrids containing low-loss perfluorinated POF (PF POF) have been devel‐
oped and manufactured by Alpe Adria Textil. Already the first field test has proved that the
PF POF-equipped geotextiles are suited for installation on construction sites. PF POF-based
geomats have successfully been installed at the creeping slope Kap Arkona at the German
Baltic coast (Fig. 15, left). All PF POF sensors have survived the installation on construction
site without any damage. At present, their functionality has been regularly tested by using
the POF OTDR technique (Fig. 15, right).
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2.3. Monitoring of masonry structures using distributed POF OTDR sensors embedded in
technical textiles

The motivation to monitor masonry structures by sensor-equipped technical textiles is to
strengthen the masonry body and enhance the ductility of the structures and at the same
time to monitor the structural health and detect any damage of the structures, e.g. due to
earthquakes. The development of sensor-based technical textiles containing fiber optic sen‐
sors for the retrofitting of masonry structures is an innovative task of the European project
POLYTECT. The targeted applications are masonry and heritage structures that are structur‐
ally vulnerable, for example in earthquake regions. Typical structural damages that have to
be detected are vertical cracks. POF sensors are very promising for that since they not only
enable distributed strain measurement, they are also appropriate to detect very short strain‐
ed fiber sections of a few millimeters that will occur in case of cracks. For example, Fig. 17
shows the monitoring of a crack opening in a masonry structure using a POF OTDR sensor.
A technical textile containing POF was applied to the surface of the masonry sample[6]. Us‐
ing the POF OTDR technique it was possible to detect a crack opening of 1 mm and also the
increase of the crack width up to 20 mm in steps of 2 mm (Fig. 17, right).  

 

 

 

 

 

 

 

 

Figure 17. Monitoring of a crack opening in a masonry structure (Institute IfMB at the University of Karlsruhe, Germa‐
ny) with a POF-equipped masonry textile (STFI e.V., Chemnitz, Germany). The right side of the figure shows POF OTDR
backscatter signals at the location of the crack at different crack opening steps.

Using the POF OTDR technique a field test was conducted on an one-storey brick building
on a seismic shaking table[16]. The test was organized and supervised by the Institute of
Mechanics of Materials and Geostructures (IMMG), Greece. Fig. 18 shows the POF sensors
bonded to the wall with a cementitious resin matrix. The testing procedure included several
strong shocks, which resulted in structural damage of the building. The task of the distribut‐
ed POF sensors was to provide information about the existence and location of cracks in the
structures. The occurred cracks were detected and localized with the POF OTDR sensor. Fig.
19 shows the OTDR traces measured on one sensor-fiber which was installed diagonally on
the wall. Two cracks were detected by the sensor at the locations indicated in Fig. 18. The
stronger signal at 27 m is caused by a 2 mm crack at the corner above the door. A smaller,
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almost invisible crack has been detected at 150 cm distance from the first crack at the lower
right corner of the wall.

10 

occurred cracks were detected and localized with the POF OTDR sensor. Fig. 19 shows the OTDR traces measured 
on one sensor-fiber which was installed diagonally on the wall. Two cracks were detected by the sensor at the 
locations indicated in Fig. 18. The stronger signal at 27 m is caused by a 2 mm crack at the corner above the door. A 
smaller, almost invisible crack has been detected at 150 cm distance from the first crack at the lower right corner of 
the wall. 

                                                                            
Figure 17. Monitoring of a crack opening in a masonry structure (Institute IfMB at the University of Karlsruhe, Germany) 

with a POF-equipped masonry textile (STFI e.V., Chemnitz, Germany). The right side of the figure shows POF OTDR 
backscatter signals at the location of the crack at different crack opening steps.  

Figure 18. Brick building on a shaking table with POF sensors installed horizontally and diagonally. 

Figure 19. POF OTDR trace showing two cracks at 27.0 m and 28.5 m (left) and the corresponding first crack at 27.0 m of a 
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occurred cracks were detected and localized with the POF OTDR sensor. Fig. 19 shows the OTDR traces measured 
on one sensor-fiber which was installed diagonally on the wall. Two cracks were detected by the sensor at the 
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Figure 19. POF OTDR trace showing two cracks at 27.0 m and 28.5 m (left) and the corresponding first crack at 27.0 m
of a width of 2 mm (right).

During the last years, several field tests have successfully been conducted on real masonry
buildings reinforced by POF-sensors-based technical textiles, one of them on a masonry
house at the Eucentre in Pavia, Italy (Fig. 20). The testing procedures of the textile-equipped
masonry building included several strong seismic shocks (simulating earthquakes) that re‐
sulted in several cracks in the masonry walls. The occurred cracks were clearly detected and
localized by the distributed POF OTDR sensor (Fig. 21) which demonstrated the potential of
this technique to be used also for damage detection of masonry and heritage structures.
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2.3. Monitoring of masonry structures using distributed POF OTDR sensors embedded in
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shows the monitoring of a crack opening in a masonry structure using a POF OTDR sensor.
A technical textile containing POF was applied to the surface of the masonry sample[6]. Us‐
ing the POF OTDR technique it was possible to detect a crack opening of 1 mm and also the
increase of the crack width up to 20 mm in steps of 2 mm (Fig. 17, right).  

 

 

 

 

 

 

 

 

Figure 17. Monitoring of a crack opening in a masonry structure (Institute IfMB at the University of Karlsruhe, Germa‐
ny) with a POF-equipped masonry textile (STFI e.V., Chemnitz, Germany). The right side of the figure shows POF OTDR
backscatter signals at the location of the crack at different crack opening steps.

Using the POF OTDR technique a field test was conducted on an one-storey brick building
on a seismic shaking table[16]. The test was organized and supervised by the Institute of
Mechanics of Materials and Geostructures (IMMG), Greece. Fig. 18 shows the POF sensors
bonded to the wall with a cementitious resin matrix. The testing procedure included several
strong shocks, which resulted in structural damage of the building. The task of the distribut‐
ed POF sensors was to provide information about the existence and location of cracks in the
structures. The occurred cracks were detected and localized with the POF OTDR sensor. Fig.
19 shows the OTDR traces measured on one sensor-fiber which was installed diagonally on
the wall. Two cracks were detected by the sensor at the locations indicated in Fig. 18. The
stronger signal at 27 m is caused by a 2 mm crack at the corner above the door. A smaller,
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Figure 19. POF OTDR trace showing two cracks at 27.0 m and 28.5 m (left) and the corresponding first crack at 27.0 m
of a width of 2 mm (right).

During the last years, several field tests have successfully been conducted on real masonry
buildings reinforced by POF-sensors-based technical textiles, one of them on a masonry
house at the Eucentre in Pavia, Italy (Fig. 20). The testing procedures of the textile-equipped
masonry building included several strong seismic shocks (simulating earthquakes) that re‐
sulted in several cracks in the masonry walls. The occurred cracks were clearly detected and
localized by the distributed POF OTDR sensor (Fig. 21) which demonstrated the potential of
this technique to be used also for damage detection of masonry and heritage structures.
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Figure 20. Application of technical textiles containing POF on a masonry building at the Eucentre in Pavia, Italy.  

 

 

 

 

 

Figure 21. Detection of cracks in a masonry wall by a textile-embedded distributed POF OTDR sensor after several seis‐
mic shocks applied to the building.

3. Medical textiles based on fiber optic sensors for healthcare monitoring

Healthcare monitoring of patients and old people who require a continuous medical assis‐
tance and treatment is a subject of a number of research activities in Europe. In order to in‐
crease the mobility of such patients, the development of wearable monitoring systems able
to measure important physiological parameters of the patients is targeted. Europe has con‐
siderably pushed the developments of such wearable biomedical clothing containing differ‐
ent types of sensors by a number of research projects.

The European project OFSETH (optical fiber sensors embedded into technical textile for
healthcare) supported by the 6th European framework program, has investigated how vari‐
ous vital parameters such as respiratory movement, cardiac rate and pulse oxymetry can be
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measured by fiber optic sensors based on silica and polymer optical fibers, embedded into
medical textiles. As a result, wearable solutions for healthcare monitoring, for patients re‐
quiring a continuous medical assistance and treatment, are available. Despite of already ex‐
isting electrical and also fiber optic sensors, OFSETH has achieved a breakthrough in the
healthcare monitoring by combining the advantages of pure fiber optic sensor technologies
and wearability of the textiles and so increasing the functionality of the sensor and the com‐
fort of the system.

The OFSETH developments have targeted in the first place on the monitoring of sedated or
anaesthetized patients under Medical Resonance Imaging (MRI)[17]. In this case electrical
sensors cannot play a role; fiber optic sensors are advantageous because of their electromag‐
netic compatibility. The use of fiber optic sensors instead of electrical sensors will reduce the
electromagnetic disturbance of the MRI field. Additionally, metallic parts and conductive
wires of electrical sensors cause burns on the patient’s skin in the MRI field. Fiber optic sen‐
sors are free from such metallic components and so burning hazard for the patients can be
prevented. Besides, fiber optic sensors offer the advantage that the monitoring unit can be
placed out of the MRI field and can be connected to the sensor by a fiber cable of some five
or ten meters.

Anaesthetized patients are usually transferred from the induction room to the MRI room
and back under anesthesia. A continuous monitoring of the patients from the induction to
the end of the anesthesia is required but in fact the medical staff usually uses different moni‐
toring devices during the whole procedure, because the most standard monitoring devices
are not transportable or not MRI compatible. After the MRI examination, the patient is trans‐
ferred back, still anesthetized, in the worst case without any monitoring system which puts
the patients at risk of anesthetic complications. Therefore, a transportable monitoring sys‐
tem, able to follow the patients from the induction room to the MRI room and back without
being removed is needed. The wearability of such a system will increase its functionality
and the comfort to the user. Wearable monitoring systems can also be used in the ambulato‐
ry healthcare monitoring and the monitoring of Sudden Infant Death Syndrome. Therefore,
OFSETH has mainly addressed the textile integration issues and in this context has extended
the capability of wearable solutions for healthcare monitoring.

For MRI applications there is especially need to monitor the patients’ respiratory parame‐
ters: respiratory movement and respiratory rate. Therefore, OFSETH has focused, among
other things, on the investigation of textile-integrated fiber optic sensors for respiratory
monitoring of patients during MRI examinations. For this purpose, medical textiles that in‐
corporate silica and polymer optical fibers have been investigated where a wearable, adapt‐
able and MRI compatible monitoring system has been targeted.

The feasibility of using fiber optic sensors for respiratory monitoring was demonstrated in
the past. It has been reported on fiber sensors woven into bandages or attached onto gar‐
ments mainly using FBG (fiber Bragg gratings) and LPG (long period gratings) based on sili‐
ca fibers[18], [19]. However, the poor compatibility of these sensors with industrial textile
processes limits their flexibility and use for medical monitoring purposes.
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Figure 20. Application of technical textiles containing POF on a masonry building at the Eucentre in Pavia, Italy.  

 

 

 

 

 

Figure 21. Detection of cracks in a masonry wall by a textile-embedded distributed POF OTDR sensor after several seis‐
mic shocks applied to the building.

3. Medical textiles based on fiber optic sensors for healthcare monitoring

Healthcare monitoring of patients and old people who require a continuous medical assis‐
tance and treatment is a subject of a number of research activities in Europe. In order to in‐
crease the mobility of such patients, the development of wearable monitoring systems able
to measure important physiological parameters of the patients is targeted. Europe has con‐
siderably pushed the developments of such wearable biomedical clothing containing differ‐
ent types of sensors by a number of research projects.

The European project OFSETH (optical fiber sensors embedded into technical textile for
healthcare) supported by the 6th European framework program, has investigated how vari‐
ous vital parameters such as respiratory movement, cardiac rate and pulse oxymetry can be
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measured by fiber optic sensors based on silica and polymer optical fibers, embedded into
medical textiles. As a result, wearable solutions for healthcare monitoring, for patients re‐
quiring a continuous medical assistance and treatment, are available. Despite of already ex‐
isting electrical and also fiber optic sensors, OFSETH has achieved a breakthrough in the
healthcare monitoring by combining the advantages of pure fiber optic sensor technologies
and wearability of the textiles and so increasing the functionality of the sensor and the com‐
fort of the system.

The OFSETH developments have targeted in the first place on the monitoring of sedated or
anaesthetized patients under Medical Resonance Imaging (MRI)[17]. In this case electrical
sensors cannot play a role; fiber optic sensors are advantageous because of their electromag‐
netic compatibility. The use of fiber optic sensors instead of electrical sensors will reduce the
electromagnetic disturbance of the MRI field. Additionally, metallic parts and conductive
wires of electrical sensors cause burns on the patient’s skin in the MRI field. Fiber optic sen‐
sors are free from such metallic components and so burning hazard for the patients can be
prevented. Besides, fiber optic sensors offer the advantage that the monitoring unit can be
placed out of the MRI field and can be connected to the sensor by a fiber cable of some five
or ten meters.

Anaesthetized patients are usually transferred from the induction room to the MRI room
and back under anesthesia. A continuous monitoring of the patients from the induction to
the end of the anesthesia is required but in fact the medical staff usually uses different moni‐
toring devices during the whole procedure, because the most standard monitoring devices
are not transportable or not MRI compatible. After the MRI examination, the patient is trans‐
ferred back, still anesthetized, in the worst case without any monitoring system which puts
the patients at risk of anesthetic complications. Therefore, a transportable monitoring sys‐
tem, able to follow the patients from the induction room to the MRI room and back without
being removed is needed. The wearability of such a system will increase its functionality
and the comfort to the user. Wearable monitoring systems can also be used in the ambulato‐
ry healthcare monitoring and the monitoring of Sudden Infant Death Syndrome. Therefore,
OFSETH has mainly addressed the textile integration issues and in this context has extended
the capability of wearable solutions for healthcare monitoring.

For MRI applications there is especially need to monitor the patients’ respiratory parame‐
ters: respiratory movement and respiratory rate. Therefore, OFSETH has focused, among
other things, on the investigation of textile-integrated fiber optic sensors for respiratory
monitoring of patients during MRI examinations. For this purpose, medical textiles that in‐
corporate silica and polymer optical fibers have been investigated where a wearable, adapt‐
able and MRI compatible monitoring system has been targeted.

The feasibility of using fiber optic sensors for respiratory monitoring was demonstrated in
the past. It has been reported on fiber sensors woven into bandages or attached onto gar‐
ments mainly using FBG (fiber Bragg gratings) and LPG (long period gratings) based on sili‐
ca fibers[18], [19]. However, the poor compatibility of these sensors with industrial textile
processes limits their flexibility and use for medical monitoring purposes.
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Human breathing movement causes typical elongations of the abdominal circumference of
adults of up to 3 %. Using silica fibers, limited strain values of up to 1 % can be measured.
Therefore, with a special focus on using POF instead of silica fibers, OFSETH has investigat‐
ed different fiber sensor techniques for respiratory monitoring[20], [21]. A highly important
criterion for selecting POF as medical sensor is its biocompatibility, especially in case of fiber
breakage.

3.1. POF OTDR sensor embedded in medical textiles for monitoring of the respiratory
movement

For the respiratory monitoring, there is an interest for the doctors to take information from
both abdominal (for spontaneous ventilation) and thoracic (for intubated patients) move‐
ment[17]. Therefore, a distributed measurement of the respiratory signal, using only one
monitor and one sensor fiber would be advantageous. Using an OTDR technique, it is possi‐
ble to focus on a special part of the fiber and so to differentiate between abdominal and
thoracic respiration. A distributed OTDR measurement makes possible to get only the re‐
quired sensor information and to neglect loss contributions from non-sensing parts. In addi‐
tion, an OTDR sensor system has the advantage of requiring only one fiber connection,
which enables a quicker installation of the system on the patient.

A textile sample based on an elastic fabric containing a POF and manufactured by Centexbel
and Elasta, Belgium was tested for the purposes of the respiratory movement monitoring by
the OTDR technique. Since it was difficult to integrate a straight optical fiber into an elastic
fabric, the textile sample uses a special macrobending sensor design developed by Multitel,
Belgium (Fig. 22)[21]. The textile is divided in two sections: a short elastic part of about 10
cm whose length changes during the respiration and a longer non-elastic part. The POF is
integrated into the elastic section to measure the elongation of the fabric due to the respira‐
tory movement of the thorax or abdomen. The macrobending sensor design (described more
detailed in Chapter 3.2) increases the sensitivity of the POF to the textile elongation and
makes possible to detect small changes in the amplitude of the respiratory movement by the
OTDR technique. Macrobending effects in POF induce changes of the backscattering in the
corresponding area of the fiber that can be easily detected by the OTDR technique.
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Fig. 22. Textile sample containing a POF and based on the macrobending sensor design (textile: Centexbel & Elasta, 

Belgium; sensor design: Multitel, Belgium).   

The feasibility of measuring the respiratory waveform and rate in real time by the POF OTDR technique was 
demonstrated on a healthy adult during normal breathing21, 22. The textile sample was attached around the abdomen of 
the adult and the elastic part of the textile was placed in the area experiencing the most elongation due to the breathing 
movement (Fig. 23). The sensor signal was acquired by a fast OTDR device produced by Tempo (OFM20), which 
operates at 650 nm wavelength, allows a two-point spatial resolution of 5 cm and has a dynamic range of  > 20 dB. The 
device makes possible to measure an OTDR trace in less than 1 s with a sufficient SNR. This acquisition time is fast 
enough to measure normal human breathing. The changes of the abdominal circumference due to the breathing 
movement were recorded simultaneously. Fig. 23 shows the result and demonstrates the high potential of the POF OTDR 
technique for the considered monitoring purposes.  

      

Fig. 23. Monitoring of the respiratory abdominal movement of a human adult by POF OTDR sensor embedded in medical 
textiles (the OTDR sensor signal was compared with the signal measured by a spirometer). 

3.2 Sensing harness for monitoring of the respiratory movement 

Considering the influence of different patient’s morphology as well as textile integration issues to let free all vital organs 
for medical staff actions during incident or respiratory accidents, different fiber optic sensors have been integrated into a 
harness allowing an efficient handling and continuous measurement of the respiratory movement22. European norms in 
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The feasibility of measuring the respiratory waveform and rate in real time by the POF
OTDR technique was demonstrated on a healthy adult during normal breathing[21], [22].
The textile sample was attached around the abdomen of the adult and the elastic part of the
textile was placed in the area experiencing the most elongation due to the breathing move‐
ment (Fig. 23). The sensor signal was acquired by a fast OTDR device produced by Tempo
(OFM20), which operates at 650 nm wavelength, allows a two-point spatial resolution of 5
cm and has a dynamic range of > 20 dB. The device makes possible to measure an OTDR
trace in less than 1 s with a sufficient SNR. This acquisition time is fast enough to measure
normal human breathing. The changes of the abdominal circumference due to the breathing
movement were recorded simultaneously. Fig. 23 shows the result and demonstrates the
high potential of the POF OTDR technique for the considered monitoring purposes.  

 

 

 

 

 

Figure 23. Monitoring of the respiratory abdominal movement of a human adult by POF OTDR sensor embedded in
medical textiles (the OTDR sensor signal was compared with the signal measured by a spirometer).

3.2. Sensing harness for monitoring of the respiratory movement

Considering the influence of different patient’s morphology as well as textile integration is‐
sues to let free all vital organs for medical staff actions during incident or respiratory acci‐
dents, different fiber optic sensors have been integrated into a harness allowing an efficient
handling and continuous measurement of the respiratory movement[22]. European norms
in terms of textile and the medical specification have been taken into account for the design
of the sensing harness where the fiber optic sensors are strategically placed for measurement
of thoracic and abdominal movements caused by the breathing activity without corruption

Smart Technical Textiles Based on Fiber Optic Sensors
http://dx.doi.org/10.5772/54244

337



Human breathing movement causes typical elongations of the abdominal circumference of
adults of up to 3 %. Using silica fibers, limited strain values of up to 1 % can be measured.
Therefore, with a special focus on using POF instead of silica fibers, OFSETH has investigat‐
ed different fiber sensor techniques for respiratory monitoring[20], [21]. A highly important
criterion for selecting POF as medical sensor is its biocompatibility, especially in case of fiber
breakage.

3.1. POF OTDR sensor embedded in medical textiles for monitoring of the respiratory
movement

For the respiratory monitoring, there is an interest for the doctors to take information from
both abdominal (for spontaneous ventilation) and thoracic (for intubated patients) move‐
ment[17]. Therefore, a distributed measurement of the respiratory signal, using only one
monitor and one sensor fiber would be advantageous. Using an OTDR technique, it is possi‐
ble to focus on a special part of the fiber and so to differentiate between abdominal and
thoracic respiration. A distributed OTDR measurement makes possible to get only the re‐
quired sensor information and to neglect loss contributions from non-sensing parts. In addi‐
tion, an OTDR sensor system has the advantage of requiring only one fiber connection,
which enables a quicker installation of the system on the patient.

A textile sample based on an elastic fabric containing a POF and manufactured by Centexbel
and Elasta, Belgium was tested for the purposes of the respiratory movement monitoring by
the OTDR technique. Since it was difficult to integrate a straight optical fiber into an elastic
fabric, the textile sample uses a special macrobending sensor design developed by Multitel,
Belgium (Fig. 22)[21]. The textile is divided in two sections: a short elastic part of about 10
cm whose length changes during the respiration and a longer non-elastic part. The POF is
integrated into the elastic section to measure the elongation of the fabric due to the respira‐
tory movement of the thorax or abdomen. The macrobending sensor design (described more
detailed in Chapter 3.2) increases the sensitivity of the POF to the textile elongation and
makes possible to detect small changes in the amplitude of the respiratory movement by the
OTDR technique. Macrobending effects in POF induce changes of the backscattering in the
corresponding area of the fiber that can be easily detected by the OTDR technique.

13 

      
Fig. 22. Textile sample containing a POF and based on the macrobending sensor design (textile: Centexbel & Elasta, 

Belgium; sensor design: Multitel, Belgium).   

The feasibility of measuring the respiratory waveform and rate in real time by the POF OTDR technique was 
demonstrated on a healthy adult during normal breathing21, 22. The textile sample was attached around the abdomen of 
the adult and the elastic part of the textile was placed in the area experiencing the most elongation due to the breathing 
movement (Fig. 23). The sensor signal was acquired by a fast OTDR device produced by Tempo (OFM20), which 
operates at 650 nm wavelength, allows a two-point spatial resolution of 5 cm and has a dynamic range of  > 20 dB. The 
device makes possible to measure an OTDR trace in less than 1 s with a sufficient SNR. This acquisition time is fast 
enough to measure normal human breathing. The changes of the abdominal circumference due to the breathing 
movement were recorded simultaneously. Fig. 23 shows the result and demonstrates the high potential of the POF OTDR 
technique for the considered monitoring purposes.  

      

Fig. 23. Monitoring of the respiratory abdominal movement of a human adult by POF OTDR sensor embedded in medical 
textiles (the OTDR sensor signal was compared with the signal measured by a spirometer). 

3.2 Sensing harness for monitoring of the respiratory movement 

Considering the influence of different patient’s morphology as well as textile integration issues to let free all vital organs 
for medical staff actions during incident or respiratory accidents, different fiber optic sensors have been integrated into a 
harness allowing an efficient handling and continuous measurement of the respiratory movement22. European norms in 

Elastic 
fabric

Non-elastic 
fabric 

Figure 22. Textile sample containing a POF and based on the macrobending sensor design (textile: Centexbel & Elasta,
Belgium; sensor design: Multitel, Belgium).

Current Developments in Optical Fiber Technology336

The feasibility of measuring the respiratory waveform and rate in real time by the POF
OTDR technique was demonstrated on a healthy adult during normal breathing[21], [22].
The textile sample was attached around the abdomen of the adult and the elastic part of the
textile was placed in the area experiencing the most elongation due to the breathing move‐
ment (Fig. 23). The sensor signal was acquired by a fast OTDR device produced by Tempo
(OFM20), which operates at 650 nm wavelength, allows a two-point spatial resolution of 5
cm and has a dynamic range of > 20 dB. The device makes possible to measure an OTDR
trace in less than 1 s with a sufficient SNR. This acquisition time is fast enough to measure
normal human breathing. The changes of the abdominal circumference due to the breathing
movement were recorded simultaneously. Fig. 23 shows the result and demonstrates the
high potential of the POF OTDR technique for the considered monitoring purposes.  
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sues to let free all vital organs for medical staff actions during incident or respiratory acci‐
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of thoracic and abdominal movements caused by the breathing activity without corruption

Smart Technical Textiles Based on Fiber Optic Sensors
http://dx.doi.org/10.5772/54244

337



of one signal by another (Fig. 24). This design is composed of adjustable parts in order to fit
the maximum of morphologies and to be worn both by men and women. The harness de‐
sign keeps some places free, like the pre-cordium in order to facilitate resuscitation in case of
cardiac arrest or hemodynamical failure, and give vital information on hemodynamical sta‐
tus during resuscitation. Access to the intra-venous infusion line has also been kept clear, for
easy access during anesthesia or for resuscitation purpose. It has been ensured that there is
no pressure on venous or arterial blood vessels which could obstruct the regular blood flow.

Figure 24. Sensing harness containing fiber optic sensors for the monitoring of patients under MRI. A thoracic respira‐
tion sensor is integrated in the black part (upper right); an abdominal respiration sensor is integrated in the white part
(lower middle).

The elongation of the harness belt caused by the respiratory movement is measured using
different fiber optic sensing principles based on FBGs and macrobending effects. The ab‐
dominal movement causes elongations of about 1-3%, which is much higher than for the
thoracic movement which causes only a fractional percentage change. Therefore an FBG sen‐
sor which has high accuracy but a low strain limit is used for the thorax while for the abdo‐
men a less accurate macrobending sensor is used which has a much higher strain limit.

The macrobending sensor developed by Multitel (Belgium) is based on bending effect of op‐
tical fibers (Fig. 25, left)[22]. Bends cause light coupling from guided modes into radiation
modes and thus some power is lost. When the sensor textile is stretched, the curvature radi‐
us increases, and the bending loss decreases. Therefore the intensity variations at the output
of the optical fiber will reflect the changes of the textile length, due to the respiratory move‐
ment. Macrobending sensors have the advantages that their interrogation is very simple:
they require measurement of intensity changes, so the main components needed are an LED
source and a photodiode. Standard single-mode silica fibers have been integrated into elas‐
tic fabrics, manufactured by Elasta (Belgium) during an industrial crochet fabrication proc‐
ess. The bending textile design has the advantage that the integration of the optical fibers
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into textiles is relatively simple. The bending design also ensures that the optical fiber is not
damaged at high strain during integration. Due to the relatively high amplitude of the ab‐
dominal movement the signal-to-noise ratio is high enough to monitor the respiratory rate.

For the monitoring of the thoracic respiration movement an FBG sensor developed by Cen‐
texbel (Belgium) and Multitel is used. Due to the FBG inscription process the fiber sensor is
weakened, which reduces facilities for integration of the fiber into the textiles. For this rea‐
son, only optical fibers with sufficient robustness should be used and conventional textile
fabrication processes as opted for the macrobending sensor are inadequate for the FBG inte‐
gration. The optical fiber containing the FBG was thus stitched directly onto an elastic fab‐
ric[22]. The robustness of the sensor is guaranteed by an additional silicone coating and
polymer attachment points on both sides of the FBG are glued around the fiber for a better
adhesion of the sensor onto the fabric and easy stitching without impairing the sensor prop‐
erties (Fig. 25, right).  
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Figure 25. Left: Design of the macrobending sensor. A silica optical fiber was embedded into an elastic fabric during
an industrial crochet fabrication process. Right: Design of the FBG sensor. A silica optical fiber containing an FBG was
stitched onto an elastic textile.

The harness based on the macrobending and FBG sensor was validated on a simulator in
MRI environment[22]. A simulator based on a movable table was used (Fig. 26, left). The
displacement of the table was realized by a balloon connected to the medical respirator al‐
lowing air-flow circulation by controlling the amplitude and frequency of the movement
through the volume or air injected. The signals of the respirator, the fiber sensor response
and the gradient signals emitted by the MRI were measured in real-time. Several configura‐
tions in terms of volume and/or frequency, in or out of the MRI tube and in presence of or
without the MRI gradient were simulated and tested. As a result, it was demonstrated that
the displacement of the movable table is detected in terms of amplitude and frequency. The
signals of the fiber sensors were not degraded even when the system was submitted to the
gradient of the MRI equipment in and out of the magnetic field (inside and outside the MRI
tube respectively), as shown in Fig. 26 (right, large picture). At the same time, a clinical vali‐
dation of the system was carried out at a hospital of Lille, France on several healthy volun‐
teers and patients of the hospital’s intensive care unit. Fig 26 (right, small picture) shows the
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of one signal by another (Fig. 24). This design is composed of adjustable parts in order to fit
the maximum of morphologies and to be worn both by men and women. The harness de‐
sign keeps some places free, like the pre-cordium in order to facilitate resuscitation in case of
cardiac arrest or hemodynamical failure, and give vital information on hemodynamical sta‐
tus during resuscitation. Access to the intra-venous infusion line has also been kept clear, for
easy access during anesthesia or for resuscitation purpose. It has been ensured that there is
no pressure on venous or arterial blood vessels which could obstruct the regular blood flow.

Figure 24. Sensing harness containing fiber optic sensors for the monitoring of patients under MRI. A thoracic respira‐
tion sensor is integrated in the black part (upper right); an abdominal respiration sensor is integrated in the white part
(lower middle).

The elongation of the harness belt caused by the respiratory movement is measured using
different fiber optic sensing principles based on FBGs and macrobending effects. The ab‐
dominal movement causes elongations of about 1-3%, which is much higher than for the
thoracic movement which causes only a fractional percentage change. Therefore an FBG sen‐
sor which has high accuracy but a low strain limit is used for the thorax while for the abdo‐
men a less accurate macrobending sensor is used which has a much higher strain limit.

The macrobending sensor developed by Multitel (Belgium) is based on bending effect of op‐
tical fibers (Fig. 25, left)[22]. Bends cause light coupling from guided modes into radiation
modes and thus some power is lost. When the sensor textile is stretched, the curvature radi‐
us increases, and the bending loss decreases. Therefore the intensity variations at the output
of the optical fiber will reflect the changes of the textile length, due to the respiratory move‐
ment. Macrobending sensors have the advantages that their interrogation is very simple:
they require measurement of intensity changes, so the main components needed are an LED
source and a photodiode. Standard single-mode silica fibers have been integrated into elas‐
tic fabrics, manufactured by Elasta (Belgium) during an industrial crochet fabrication proc‐
ess. The bending textile design has the advantage that the integration of the optical fibers
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into textiles is relatively simple. The bending design also ensures that the optical fiber is not
damaged at high strain during integration. Due to the relatively high amplitude of the ab‐
dominal movement the signal-to-noise ratio is high enough to monitor the respiratory rate.

For the monitoring of the thoracic respiration movement an FBG sensor developed by Cen‐
texbel (Belgium) and Multitel is used. Due to the FBG inscription process the fiber sensor is
weakened, which reduces facilities for integration of the fiber into the textiles. For this rea‐
son, only optical fibers with sufficient robustness should be used and conventional textile
fabrication processes as opted for the macrobending sensor are inadequate for the FBG inte‐
gration. The optical fiber containing the FBG was thus stitched directly onto an elastic fab‐
ric[22]. The robustness of the sensor is guaranteed by an additional silicone coating and
polymer attachment points on both sides of the FBG are glued around the fiber for a better
adhesion of the sensor onto the fabric and easy stitching without impairing the sensor prop‐
erties (Fig. 25, right).  
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Figure 25. Left: Design of the macrobending sensor. A silica optical fiber was embedded into an elastic fabric during
an industrial crochet fabrication process. Right: Design of the FBG sensor. A silica optical fiber containing an FBG was
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The harness based on the macrobending and FBG sensor was validated on a simulator in
MRI environment[22]. A simulator based on a movable table was used (Fig. 26, left). The
displacement of the table was realized by a balloon connected to the medical respirator al‐
lowing air-flow circulation by controlling the amplitude and frequency of the movement
through the volume or air injected. The signals of the respirator, the fiber sensor response
and the gradient signals emitted by the MRI were measured in real-time. Several configura‐
tions in terms of volume and/or frequency, in or out of the MRI tube and in presence of or
without the MRI gradient were simulated and tested. As a result, it was demonstrated that
the displacement of the movable table is detected in terms of amplitude and frequency. The
signals of the fiber sensors were not degraded even when the system was submitted to the
gradient of the MRI equipment in and out of the magnetic field (inside and outside the MRI
tube respectively), as shown in Fig. 26 (right, large picture). At the same time, a clinical vali‐
dation of the system was carried out at a hospital of Lille, France on several healthy volun‐
teers and patients of the hospital’s intensive care unit. Fig 26 (right, small picture) shows the
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typical signal patterns for both thoracic and abdominal movement detected by the textile-
embedded FBG and macrobending sensor on healthy adults.  

 

 

 

 

 

Figure 26. Left: Set-up of the MRI-compatible simulator of CIC-IT de Nancy, France. Right, large picture: Test of the
FBG sensor in MRI environment. The first two curves are related to the respiration simulator, the third curve shows the
FBG sensor response and the last three curves are related to the magnetic gradients of the MRI equipment. Right,
small picture: Abdominal and thoracic respiration signals detected by the textile-embedded macrobending and FBG
sensor during a clinical test on healthy volunteers.

3.3. Fiber optic sensors for personal protective equipment

The European project i-Protect (intelligent PPE system for personnel in high-risk and com‐
plex environments) develops an advanced personal protective equipment (PPE) system that
will ensure active protection and information support for personnel operating in high-risk
and complex environments in firefighting, chemical and mining rescue operations[23]. The
PPE system will be ergonomically designed and fully adapted to end-users’ needs as well as
to working conditions. The core of the project is the development of advanced materials and
sensors to be used for a multi-functional PPE. This includes a real-time monitoring of risk
factors (temperature, gas, oxygen level), users’ health status (body temperature, respiratory
rate, heart rate) and important protection parameters (end-of-service-life, air pressure in
compressed units). The PPE will be wireless connected to a rescue command center.

For the monitoring of the users’ health status smart underwear containing fiber optic sen‐
sors is being developed. Special attention is paid to the development of a heart rate sensor to
be used as a textile-integrated sensor in underwear. A first sensor prototype is based on
macrobending effects in POF[23]. The POF macrobending sensor is stitched onto an elastic
fabric (the design is similar to this shown in Fig. 25, left) and measures the small elongations
of the textile which is caused by the heart movement. To increase the sensitivity of the sen‐
sor, the cladding of the POF was treated[23]. A sensor belt containing the POF sensor was
tested on a healthy volunteer to measure the circumference changes due to the heart move‐
ment. The belt was wrapped around the chest of the volunteer close to the heart. Since the
textile design is also sensitive to the respiratory movement, the POF macrobending sensor
detects both the respiratory and heart rate at the same time (Fig. 27). A signal processing
should be performed to filter the weak heart beats signals. It is expected that by using a
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modified textile and sensor design it must be possible to improve the sensitivity of the POF
macrobending sensor to the heart movement. Alternatively, conventional monitoring techni‐
ques like plethysmography could be adapted for the purpose of such applications.

Figure 27. Monitoring of the heart rate of a healthy volunteer by using a textile-embedded POF macrobending sen‐
sor.

4. Conclusion

A number of research activities considering the development of novel smart technical tex‐
tiles based on fiber optic sensors are running in Europe. Such smart technical textiles with
embedded optical fibers are a potential new market niche for fiber optic sensors.

Several German projects and the European project POLYTECT have developed novel ge‐
otextiles with embedded distributed Brillouin and POF OTDR sensors for monitoring of
geotechnical  and  masonry  structures,  providing  an  alarm  signal  in  case  of  structural
damage. Particularly sensors based on POF take advantage of the high robustness,  high
elasticity and high break-down strain of POF allowing distributed sensing of strong me‐
chanical deformations of soil and masonry walls. Multifunctional, smart technical textiles
incorporating  fiber  optics  sensors  are  a  cost-effective  solution  to  increase  the  structural
safety  of  such  structures.  The  breakthroughs  include  the  use  of  such  textiles  for  rein‐
forcement and at the same time for monitoring of earthworks and masonry walls, giving
online information on the state and the performance of the structures and so preventing
a total collapse. Such on-line and long-term monitoring systems will improve the chance
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typical signal patterns for both thoracic and abdominal movement detected by the textile-
embedded FBG and macrobending sensor on healthy adults.  

 

 

 

 

 

Figure 26. Left: Set-up of the MRI-compatible simulator of CIC-IT de Nancy, France. Right, large picture: Test of the
FBG sensor in MRI environment. The first two curves are related to the respiration simulator, the third curve shows the
FBG sensor response and the last three curves are related to the magnetic gradients of the MRI equipment. Right,
small picture: Abdominal and thoracic respiration signals detected by the textile-embedded macrobending and FBG
sensor during a clinical test on healthy volunteers.
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will ensure active protection and information support for personnel operating in high-risk
and complex environments in firefighting, chemical and mining rescue operations[23]. The
PPE system will be ergonomically designed and fully adapted to end-users’ needs as well as
to working conditions. The core of the project is the development of advanced materials and
sensors to be used for a multi-functional PPE. This includes a real-time monitoring of risk
factors (temperature, gas, oxygen level), users’ health status (body temperature, respiratory
rate, heart rate) and important protection parameters (end-of-service-life, air pressure in
compressed units). The PPE will be wireless connected to a rescue command center.

For the monitoring of the users’ health status smart underwear containing fiber optic sen‐
sors is being developed. Special attention is paid to the development of a heart rate sensor to
be used as a textile-integrated sensor in underwear. A first sensor prototype is based on
macrobending effects in POF[23]. The POF macrobending sensor is stitched onto an elastic
fabric (the design is similar to this shown in Fig. 25, left) and measures the small elongations
of the textile which is caused by the heart movement. To increase the sensitivity of the sen‐
sor, the cladding of the POF was treated[23]. A sensor belt containing the POF sensor was
tested on a healthy volunteer to measure the circumference changes due to the heart move‐
ment. The belt was wrapped around the chest of the volunteer close to the heart. Since the
textile design is also sensitive to the respiratory movement, the POF macrobending sensor
detects both the respiratory and heart rate at the same time (Fig. 27). A signal processing
should be performed to filter the weak heart beats signals. It is expected that by using a
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modified textile and sensor design it must be possible to improve the sensitivity of the POF
macrobending sensor to the heart movement. Alternatively, conventional monitoring techni‐
ques like plethysmography could be adapted for the purpose of such applications.

Figure 27. Monitoring of the heart rate of a healthy volunteer by using a textile-embedded POF macrobending sen‐
sor.

4. Conclusion

A number of research activities considering the development of novel smart technical tex‐
tiles based on fiber optic sensors are running in Europe. Such smart technical textiles with
embedded optical fibers are a potential new market niche for fiber optic sensors.

Several German projects and the European project POLYTECT have developed novel ge‐
otextiles with embedded distributed Brillouin and POF OTDR sensors for monitoring of
geotechnical  and  masonry  structures,  providing  an  alarm  signal  in  case  of  structural
damage. Particularly sensors based on POF take advantage of the high robustness,  high
elasticity and high break-down strain of POF allowing distributed sensing of strong me‐
chanical deformations of soil and masonry walls. Multifunctional, smart technical textiles
incorporating  fiber  optics  sensors  are  a  cost-effective  solution  to  increase  the  structural
safety  of  such  structures.  The  breakthroughs  include  the  use  of  such  textiles  for  rein‐
forcement and at the same time for monitoring of earthworks and masonry walls, giving
online information on the state and the performance of the structures and so preventing
a total collapse. Such on-line and long-term monitoring systems will improve the chance
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of an early detection and the location of  “weak points” and damages,  and will  make it
possible to react rapidly and to control damages.

Novel monitoring systems based on medical textiles with embedded fiber optic sensors will
be used at medium-term in the healthcare monitoring and for personal protection of rescues
in high-risk environments where standard, non-optical monitoring systems show significant
limits. Such medical textiles containing fiber optic sensors have been developed in the Euro‐
pean projects OFSETH and i-Protect for the monitoring of the respiratory movement of an‐
aesthetized patients under MRI and for the monitoring of the health status of rescues.
Especially for MRI applications where transportable and MRI compatible devices are need‐
ed, pure fiber optic sensor solutions and the wearability of the textiles are advantageous.
The design and comfort of such sensor systems will extend their use from hospitalization to
the ambulatory healthcare monitoring and homecare.
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possible to react rapidly and to control damages.
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in high-risk environments where standard, non-optical monitoring systems show significant
limits. Such medical textiles containing fiber optic sensors have been developed in the Euro‐
pean projects OFSETH and i-Protect for the monitoring of the respiratory movement of an‐
aesthetized patients under MRI and for the monitoring of the health status of rescues.
Especially for MRI applications where transportable and MRI compatible devices are need‐
ed, pure fiber optic sensor solutions and the wearability of the textiles are advantageous.
The design and comfort of such sensor systems will extend their use from hospitalization to
the ambulatory healthcare monitoring and homecare.
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1. Introduction

The in situ and real time measurement of a variety of chemical and biological parameters is
important in diversified environments ranging from industrial processes, medicine to
environmental applications. In this context, the demand for novel sensing platforms capable
of multiplexing, real time and remote operation in electromagnetic or chemically hazardous
environments has increased significantly in recent years.

The combination of fiber optic technology with optical sensing mechanisms has many benefits
that make it a promising alternative to standard technologies. Immunity to electromagnetic
interferences, small size, and capability for in-situ, real-time, remote, and distributed sensing
are some of the most appealing characteristics that motivate a growing scientific community.

Biochemical sensing typically requires that optical signal interacts with the external media,
either directly with a given analyte or through an auxiliary membrane, which contains an
indicator dye. Some of the most appealing techniques regarding sensitivity and specificity rely
on the use of colorimetric or fluorescent indicator dyes. Although some of the intrinsic
problems of indicator based sensor like, leaching, photobleaching and temperature depend‐
ence have reported solutions, some limitations restrict further developments. A variety of
excitation sources, detectors and filters are needed to deal with the large variety of spectral
characteristics of dye based sensors. Moreover, these wavelength ranges demand for the use
of special optical fibers and optoelectronics, severely limiting its compatibility with the
standard telecom optical fiber technology.

In this context, label free optical sensing based on the measurement of refractive index (RI)
represents an interesting solution. Such approaches do not interfere with the analyte properties
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1. Introduction

The in situ and real time measurement of a variety of chemical and biological parameters is
important in diversified environments ranging from industrial processes, medicine to
environmental applications. In this context, the demand for novel sensing platforms capable
of multiplexing, real time and remote operation in electromagnetic or chemically hazardous
environments has increased significantly in recent years.

The combination of fiber optic technology with optical sensing mechanisms has many benefits
that make it a promising alternative to standard technologies. Immunity to electromagnetic
interferences, small size, and capability for in-situ, real-time, remote, and distributed sensing
are some of the most appealing characteristics that motivate a growing scientific community.

Biochemical sensing typically requires that optical signal interacts with the external media,
either directly with a given analyte or through an auxiliary membrane, which contains an
indicator dye. Some of the most appealing techniques regarding sensitivity and specificity rely
on the use of colorimetric or fluorescent indicator dyes. Although some of the intrinsic
problems of indicator based sensor like, leaching, photobleaching and temperature depend‐
ence have reported solutions, some limitations restrict further developments. A variety of
excitation sources, detectors and filters are needed to deal with the large variety of spectral
characteristics of dye based sensors. Moreover, these wavelength ranges demand for the use
of special optical fibers and optoelectronics, severely limiting its compatibility with the
standard telecom optical fiber technology.

In this context, label free optical sensing based on the measurement of refractive index (RI)
represents an interesting solution. Such approaches do not interfere with the analyte properties
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and require, instead, the design of sensitive layers that experience a refractive index change in
its presence. This can be achieved by using biomolecules with a natural affinity to the target,
or chemical species having analyte specific ligands. The combination of such membranes with
refractive index sensors can therefore provide attractive solutions for biochemical sensing.

The aim of this chapter is to expose the basic principles of evanescent field based fiber optic
refractometers, suitable to biosensing field and capable to remote and real time operation.
Initially, the principles of the technology are described. Thereafter, recent progress in the area
is presented where several fiber optic devices will be detailed, ranging from the popular fiber
Bragg gratings, the well known long period gratings, a variety of modal interferometers
including tapers, mismatched fiber sections and also multimode interference based structures.
Emphasis will be given to the description of the sensing structures and its sensing mechanism,
advantages and disadvantages and wherever possible, the sensing performance of each
sensing device will be compared in terms of sensitivity and detection limit.

2. Fiber optic refractometers: Principle

Optical fiber consists of a core and a cladding with different refractive indices. The refractive
index of the core (ncore) is higher than the refractive index of the cladding (nclad). Snell’s law can
describe the propagation of light in optical fibers by the principle of total internal reflection.
In optical fibers, the total internal reflection occurs when light is incident from the core to the
cladding, at incident angle (θi), greater than the critical angle (θc), which can be calculated by
the following equation;

θc =arcsin( nclad

ncore
)

Since light is totally reflected inside the core, no electromagnetic field is propagating in to the
cladding. Nevertheless, the electromagnetic field actually penetrates a short distance into the
lower refractive index medium, propagating parallel to the interface core-cladding and
decaying exponentially with the distance from the interface (See figure 1). The physical
explanation for this phenomenon is that when applying Maxwell equations to the interface
between two dielectrics, the tangential components of both the electric and magnetic fields
must be continuous across the interface, this is, the field in the less dense medium cannot
abruptly become zero at the interface and a small portion of light penetrates into the reflecting
medium. This boundary condition can only be satisfied if the electromagnetic field crosses the
interface, creating the so-called evanescent wave [1]. The penetration depth (dp) of the evan‐
escent wave is a key parameter for sensing purposes. It is the distance from the interface at
which the amplitude of the electric field is decreased by a factor equal to 1/e and, following the
approximation of geometrical optics, it can be expressed by the following equation:

dp =
λ0
2π

1
ncore ⋅sin2(θi)−nclad
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where λ0 is the radiation wavelength. The penetration depth of the evanescent field varies from
50 nm to 1000 nm depending on the wavelength, the refractive indices and the angle of
incidence.

Figure 1. Evanescent field in the core/cladding interface of an optical fiber

The majority of the fiber refractometers are based on evanescent field interactions. However,
fibers were originally designed for optical communications. A typical single mode optical fiber
has a core diameter between 8 and 10.5 μm, a cladding diameter of 125 μm and light propagates
confined in the core. Therefore, the penetration depth is far smaller than the cladding thickness
and there is almost no interaction between the optical signal and the external medium.
Strategies must be devised in order to provide interaction with the surrounding medium.
Typically, the evanescent field can be exposed by removing partially or totally the cladding of
the optical fiber. This can be done by chemical etching, tapering or side polishing techniques.
In alternative, it is possible to use specific tools capable to transfer energy from the fundamental
core mode to cladding modes. Fiber gratings are an example of these devices. In such a cases
the optical radiation can interact with the external environment due to the evanescent field
formed at the cladding/external medium interface. In this case, the penetration depth is given
by:

dp(m)=
λ0

2π ⋅nclad

1

sin2(θ(m))−sin2(θc ′)

where θ(m) is the incident angle of the geometrical ray associated with the mth cladding mode
and θc’ is the critical angle at the interface between the fiber cladding and the external envi‐
ronment. Clearly, θ(m) is different for each cladding mode and decreases with the increment
of the order of the cladding mode. It is important to observe that the dp changes as a function
of the coupled cladding mode as well as of the external refractive index. The dependence of
dp on the external refractive index (next) is implicitly contained within θc’, which can be
expressed as:

θc ’
=arcsin( next

nclad
)
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Fiber optic biochemical sensors based on evanescent field configurations rely on the use of
sensing layers deposited on the sensitive surface that experience a refractive index change in
presence of an analyte. This can be achieved by using biomolecules with a natural affinity to
the target, or chemical species having analyte specific ligands. When exposed to an analyte, a
chemical/biochemical interaction takes place within this layer or on its surface. In this case,
only a portion of the optical radiation which comes out of the sensor (evanescent field) is
modulated, depending on the thickness of the interaction region.

Biological sensing is based on the specific binding between biorecognition molecules (anti‐
bodies, oligonucleotides, aptamers or phages) immobilized on the sensor surface and the
targeted biological species, which causes a change in the effective thickness or density of the
surface of fiber and consequently a change on the optical signal. Figure 2 conceptually shows
an example of label free fiber optic biosensor. A functional coating is used to support and
enhance the attachment of the bioreceptor molecules, which bind the analyte [2].

Figure 2. Label free fiber optic biosensor schematic representation

In the following sections the most relevant fiber refractometric platforms based on evanescent
field interactions and capable for label free biochemical sensing will be presented, including
their measurement principle and some examples of most important works presented till now.

3. Fiber Bragg gratings

Fiber Bragg grating (FBG) sensors have generated great interest in recent years because of their
many industrial and environmental applications. FBGs are simple, versatile, and small
intrinsic sensing elements that can be written in optical fibers and which consequently have
all the advantages normally attributed to fiber sensors. In addition, due to the fact that typically
the measurand information is encoded in the resonant wavelength of the structure, which is
an absolute parameter, these devices are inherently self-referenced. Moreover there are several
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intrinsic advantages associated with FBG technology such as reflection operation mode,
narrowband spectral response and their compatibility with standard telecom technology,
therefore can be easily multiplexed, which is particularly important in the context of remote,
multi-point and multi-parameter sensing [3]. Based on diffraction mechanism, they consist on
the periodic perturbation of the core of the optical fiber (typically half-wavelength) that is
induced by exposing the fiber to an interference pattern of UV light or femtosecond radiation.
They are characterized by the periodicity Λ of the refractive index modulation and by the
effective refractive index of the waveguide mode neff. The grating constitutes a wavelength
selective mirror or rejection filter defined by the Bragg resonance wavelength (λB)

λB =2neff Λ

The full width at the half maximum (FWHM) of the resonant peak of the Bragg grating is
typically a few hundred picometers. It depends on the physical length of the grating, which is
usually few millimeters. Figure 3 illustrates the principle of operation of an FBG. When a
broadband optical signal reaches the grating, a narrow spectral fraction is reflected and the
remaining is transmitted. The peak wavelength of the reflected signal is defined by the Bragg
resonance wavelength.

Figure 3. Operation principle of fiber Bragg grating

FBG sensors have been widely used for strain and temperature measurement [4]. Bragg
gratings works mainly with radiation confined to the fiber core, this way strategies have to be
devised in order for the radiation to interact with the external medium. Typically, FBG based
refractometers rely on the evanescent field of the core modes under fiber etching conditions,
which enables interaction with the surrounding medium.

The first demonstration of an FBG as a refractometer was done in 1997 by Asseh et al. [5], and
it was based on the application of chemical etching to the fiber region where the grating was
located. The etching process was done by immersing the fiber in a solution of 40% hydrofluoric
acid (HF) for approximately 50 min. After etched, the fiber had a diameter of 11μm; thus 1μm
of cladding still remained. The sensor was tested in different solutions of sucrose, inferring a
variation of refractive index between 1.333-1.345 RIU. The estimated sensibility was 1nm/RIU
and the measured resolution was ± 5×10-4 RIU. Figure 4 illustrates an FBG based refractometer,
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when the cladding of the optical fiber was partially etched. Thus, the wavelength of the
reflected signal depends on the external refractive index.

Regarding sensitivity enhancement and temperature compensation, in 2001 Schroeder et al. [6]
presented a two in-line FBGs written on a single-mode depressed-cladding optical fibre of cut-
off wavelength 750 nm. One of the gratings was side-polished to become sensitive to the SRI
and the second one for thermal compensation. The effect of high refractive index overlays was
studied in order to shift the mode field to the surface of the sensor and to enhance the sensitivity
for low refractive index analytes. Operation in wavelengths far above the cut-off wavelength
was also explored resulting in an improvement of the sensitivity of the sensor. The sensor was
tested in different solutions, inferring a variation of refractive index between 1.30-1.46 RIU.
The maximum sensitivity for an external refractive index close to 1.45 was found to be 300nm/
RIU and the measured resolution was ± 2×10-6 RIU.

A simpler solution for thermal compensation was published by Iadicicco et al. (2005), a single
grating half-etched for simultaneous measurement of refractive index and temperature. The
operation principle relies on the splitting of the original grating spectral response in two
different peaks due to a selective etching over the grating length, where one of them becomes
sensitive to the external refractive index and the other one is just sensitive to temperature [7].
Concerning enhancements in sensitivity, in 2005 Chryssis et al. [8] has shown that an effective
solution is provided by etching the core of a fiber Bragg grating. A maximum sensitivity of
1394 nm/RIU is achieved as the surrounding index approaches the core index when the
residual diameter was reduced to 3.4μm.

In the past few years, microfibers have attracted increasing interest due to their intrinsic
advantages such as large evanescent field, small effective mode field diameter and low-loss
interconnection to single mode fibers. Microfibers can be produced by the use of standard
flame brushing technique. Bragg gratings written in microfiber have been also explored for
refractive index sensing. In 2010 Fang et al. [9] presented FBGs written in microfibers with
diameters ranging from 2μm to 10μm by using femtosecond pulse irradiation. The maximum
sensitivity obtained was 231.4 nm/RIU for refractive index values near 1.44 for a microfiber
with 2μm diameter. However, femtosecond laser Bragg grating inscription relies in the
physical deformation of the fibre surface, which can weaken even more the micrometric
structure. Concerning with this fact, later in the same year, Zhang et al. [10] demonstrated a

Figure 4. Etched fiber Bragg grating refractometer
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microfiber Bragg grating fabrication using a KrF excimer laser in a highly Ge-doped photo‐
sensitive microfibers with diameters of 6 and 6.5μm, respectively. Two reflection peaks were
observed in the spectrum of FBG. The reflected peak induced by the higher-order mode was
used to monitor RI variations, because the higher-order mode has a larger evanescent field
outside the microfiber and thus it is more sensitive to the surrounding refractive index,
compared with the fundamental mode reflection. The other peak was used for temperature
referencing. The maximum sensitivity was ~102 nm/RIU at a refractive index of 1.378, in the
6μm diameter fiber.

Etched FBG, side polished FBG or microfiber Bragg gratings are interesting devices that exploit
the influence of the surrounding refractive index (by the evanescent field interaction) on the
effective index of the core mode, and consequently on the Bragg wavelength (λB). However,
in order to enable the interaction with the external medium, the fiber diameter should be
reduced, removing the cladding and in some cases partially the core. The sensitivity of the
FBG is highly dependent on the diameter of the fiber in the region of the grating. Nevertheless,
this process introduces fragility in the fibre sensor especially in cases where maximum
sensitivity is required.

A different approach to develop fiber optic refractometers based on FBG technology was
proposed in 2001 by Laffont et al. [11]. The sensing configuration relies on the use of tilted FBG
(TFBG) as refractive index sensors by using the transmission spectrum changes due to the
cladding modes resonances sensitivity to the external medium. In TFBGs the modulation
pattern is blazed (tilted) by an angle θ with respect to the fiber axis. This asymmetry enables
the coupling to circularly and non-circularly symmetric contra-propagating cladding modes
and reduces the energy coupling to the contra-propagating core mode. The cladding modes
are guided by the cladding boundary, and as a result, their effective index depends on the
external index. The sensitivity of the cladding to variations of the SRI increases with mode
order, since the penetration depth of the evanescent field increases for higher-order modes.
With the increment of the SRI, the center wavelength of the resonances experienced a shift to
higher wavelengths. In addition to their spectral shift, the intensity drops progressively, to fit
a smooth loss curve. Thus, monitoring the shifts of the cladding modes relative to the Bragg
resonance or measuring the normalized envelope of the cladding mode resonance spectrum
in transmission can held an accurate measure of the surrounding refractive index. Figure 5
shown a conceptual representation of a tilted FBG.

Figure 5. Refractometer based on a tilted fiber Bragg grating
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and reduces the energy coupling to the contra-propagating core mode. The cladding modes
are guided by the cladding boundary, and as a result, their effective index depends on the
external index. The sensitivity of the cladding to variations of the SRI increases with mode
order, since the penetration depth of the evanescent field increases for higher-order modes.
With the increment of the SRI, the center wavelength of the resonances experienced a shift to
higher wavelengths. In addition to their spectral shift, the intensity drops progressively, to fit
a smooth loss curve. Thus, monitoring the shifts of the cladding modes relative to the Bragg
resonance or measuring the normalized envelope of the cladding mode resonance spectrum
in transmission can held an accurate measure of the surrounding refractive index. Figure 5
shown a conceptual representation of a tilted FBG.

Figure 5. Refractometer based on a tilted fiber Bragg grating
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The TFBGs used in the experiment of Laffont et al. [11] were written in a standard single mode
fiber using a Lloyd mirror interferometer. The measurement of SRI was based on the normal‐
ized envelope of the cladding mode resonance spectrum in transmission. It was also shown
that this parameter was relatively insensitive to temperature. Another reason for using the
envelope of the resonance spectrum is that, choosing the proper tilt angle, this parameter can
change monotonically and smoothly for refractive index values between 1.32 and 1.42, with a
small change in sensitivity. Using the normalized area parameter and a 16° TFBG a resolution
of ±10-4 RIU was achieved. In 2007 Chan et al. [12] proposed a relative measurement of refractive
index, based on the separation distance between certain cladding modes that were dependent
on the refractive index and temperature and the core mode, which is refractive index inde‐
pendent. A 4° TFBG was used where refractive index sensitivity of 10 nm/RIU was obtained,
achieving a resolution of ±10-4 RIU.

TFBGs are a suitable option for refractometric sensing in terms of performance and robustness
of the fiber structure. However, a TFBG couples the core mode to a number of cladding modes
in a large wavelength bandwidth, which renders difficult the signal readout and multiplexing.
In addition, the fact that the measurement must be made in transmission, requiring access to
the sensor from both sides, can represent a difficulty in some applications. Recently a few
authors have been exploring the possibility to excite the cladding modes of standard FBG by
transferring power from the fundamental core mode to the cladding modes in the upstream
of the FBG. Thereby, the FBG will couple back the light to the fundamental core mode. This
arrangement enables the possibility to read the cladding mode of the Bragg grating in the
reflected spectrum

In 2010 Han et al. [13] have shown for first time this method with concatenating a LPG and a
FBG. The LPG partially couples light from the core mode to a cladding mode, both of which
are reflected by the FBG. The refractive index sensitivity of 2.3 nm/RI was obtained. Recently,
based on the same principle, Wu et al. [14] presented a singlemode–multimode–singlemode
fiber structure (SMS) assisted FBG to measure the SRI. This structure utilizes multimode fiber
to excite cladding modes of an FBG written on the singlemode fiber and recouple reflected
cladding modes to the input singlemode fiber. The maximum achieved sensitivity was 7.33
nm/RIU in the range from 1.324 to 1.439 RIU. Fiber refractometers based in cladding modes of
standard FBGs represent an interesting opportunity for label free sensing, especially by using
all-grating devices which enable the possibility of efficiently transfer power to specific high
order modes in order to excite specific cladding modes of an FBG. However, work is still to be
done concerning the enhancement of sensitivity, which is still far from ideal.

Owing to reflective nature of this devices a few FBG based Fabry-Perot cavities were presented
for refractive index measurement. In 2005 Liang et al. [15] reported a refractive index sensor
based on an etched fiber Fabry-Perot interferometer with a radius of 1.5μm. The sensor showed
a sensitivity of 71.2 nm/RIU and a variation of refractive index of ±1.4×10-5 can be detected.
Table 1 summarizes the most relevant FBG based refractometers presented to date and their
performance parameters.
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Configuration Measurement method Year RI Range Sensitivity Resolution Ref.

Etched FBG
Spectral Shift

Spectral Shift

1997

2005

1.333-1.345

Near 1.44

1 nm/RIU

1394 nm/RIU

5×10-4

7.2×10-6 (*)

[5]

[8]

Polished FBG Spectral Shift 2001 Near 1.45 300 nm/RIU 10-6(*) [6]

Microfiber FBG
Spectral Shift

Spectral Shift

2010

2010

Near 1.44

Near 1.38

230 nm/RIU

102 nm/RIU

5×10-6(*)

10-5(*)

[9]

[10]

TFBG Normalized Area 2001 1.32-1.42 10-4 [11]

Spectral Shift 2007 Near 1.32 11.2 nm/RIU 10-4 [12]

LPG/FBG Spectral Shift 2010 Near 1.45 2.32 nm/RIU 10-4(*) [13]

MMF/FBG Spectral Shift 2010 1.40-1.44 7.33 nm/RIU 10-4(*) [14]

FP-FBG Spectral Shift 2005 Near 1.33 71.4 nm/RIU 1.4×10-5

(*) Theoretical maximum resolution given by the ratio between the readout device resolution and refractive index
sensitivity of the sensor.

Table 1. Comparison of the characteristics of the most relevant FBG based refractometers

3.1. Applications

Several FBG based refractometers have been described rely on the measurement of the
refractive index changes for the measurement of sucrose, salt, ethylene glycol, Isopropyl
Alcohol among others [5-7]. Using functional layers just few works were presented. The first
demonstration of the concept of biosensor based on FBG, was done by Chryssis et al. (2005)
[16], based on an etched FBG, where single stranded DNA oligonucleotide probes of 20 bases
were immobilized on the surface of the fiber grating using relatively common glutarahylde‐
hyde chemistry. Hybridization of a complimentary target single strand DNA oligonucleotide
was monitored in situ and successfully detected. Later, in 2008 Maguis et al. [17] presented a
biosensor based on a TFBG refractometer that enables to directly detect, in real-time, target
molecules. Thus, bovine serum albumin (BSA) (antigen) and anti-BSA (antibody) were used
to study the reaction kinetics of the antigen- antibody recognition by changing the antibody
concentration in the different configurations for the antigen immobilization.

4. Long period fiber gratings

A Long period grating (LPG) is one of the most popular fiber optic refractive index sensor and
it has been widely used for chemical and biological sensing. Like FBG, LPG is also a diffraction
structure, where the refractive index of the fiber core is modulated, with a period between
100μm to 1000μm that is induced in the optical fiber using different techniques: UV laser
irradiation, CO2 laser irradiation, electric-arc discharge, mechanical processes and periodic
etching [18]. This periodic perturbation satisfies the phase matching condition between the
fundamental core mode and a forward propagating cladding mode of an optical fiber. Thereby,
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in a large wavelength bandwidth, which renders difficult the signal readout and multiplexing.
In addition, the fact that the measurement must be made in transmission, requiring access to
the sensor from both sides, can represent a difficulty in some applications. Recently a few
authors have been exploring the possibility to excite the cladding modes of standard FBG by
transferring power from the fundamental core mode to the cladding modes in the upstream
of the FBG. Thereby, the FBG will couple back the light to the fundamental core mode. This
arrangement enables the possibility to read the cladding mode of the Bragg grating in the
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In 2010 Han et al. [13] have shown for first time this method with concatenating a LPG and a
FBG. The LPG partially couples light from the core mode to a cladding mode, both of which
are reflected by the FBG. The refractive index sensitivity of 2.3 nm/RI was obtained. Recently,
based on the same principle, Wu et al. [14] presented a singlemode–multimode–singlemode
fiber structure (SMS) assisted FBG to measure the SRI. This structure utilizes multimode fiber
to excite cladding modes of an FBG written on the singlemode fiber and recouple reflected
cladding modes to the input singlemode fiber. The maximum achieved sensitivity was 7.33
nm/RIU in the range from 1.324 to 1.439 RIU. Fiber refractometers based in cladding modes of
standard FBGs represent an interesting opportunity for label free sensing, especially by using
all-grating devices which enable the possibility of efficiently transfer power to specific high
order modes in order to excite specific cladding modes of an FBG. However, work is still to be
done concerning the enhancement of sensitivity, which is still far from ideal.

Owing to reflective nature of this devices a few FBG based Fabry-Perot cavities were presented
for refractive index measurement. In 2005 Liang et al. [15] reported a refractive index sensor
based on an etched fiber Fabry-Perot interferometer with a radius of 1.5μm. The sensor showed
a sensitivity of 71.2 nm/RIU and a variation of refractive index of ±1.4×10-5 can be detected.
Table 1 summarizes the most relevant FBG based refractometers presented to date and their
performance parameters.
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Table 1. Comparison of the characteristics of the most relevant FBG based refractometers

3.1. Applications

Several FBG based refractometers have been described rely on the measurement of the
refractive index changes for the measurement of sucrose, salt, ethylene glycol, Isopropyl
Alcohol among others [5-7]. Using functional layers just few works were presented. The first
demonstration of the concept of biosensor based on FBG, was done by Chryssis et al. (2005)
[16], based on an etched FBG, where single stranded DNA oligonucleotide probes of 20 bases
were immobilized on the surface of the fiber grating using relatively common glutarahylde‐
hyde chemistry. Hybridization of a complimentary target single strand DNA oligonucleotide
was monitored in situ and successfully detected. Later, in 2008 Maguis et al. [17] presented a
biosensor based on a TFBG refractometer that enables to directly detect, in real-time, target
molecules. Thus, bovine serum albumin (BSA) (antigen) and anti-BSA (antibody) were used
to study the reaction kinetics of the antigen- antibody recognition by changing the antibody
concentration in the different configurations for the antigen immobilization.

4. Long period fiber gratings

A Long period grating (LPG) is one of the most popular fiber optic refractive index sensor and
it has been widely used for chemical and biological sensing. Like FBG, LPG is also a diffraction
structure, where the refractive index of the fiber core is modulated, with a period between
100μm to 1000μm that is induced in the optical fiber using different techniques: UV laser
irradiation, CO2 laser irradiation, electric-arc discharge, mechanical processes and periodic
etching [18]. This periodic perturbation satisfies the phase matching condition between the
fundamental core mode and a forward propagating cladding mode of an optical fiber. Thereby,
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in an LPG, the core mode couples into the cladding modes of the fiber, resulting in several
attenuation bands centered at discrete wavelengths in the transmitted spectrum, where each
attenuation band corresponds to the coupling to a different cladding mode. The spectral width
of the resonant dip varies from few nanometers up to tens of nanometers depending on the
physical length of the grating.

LPGs are intrinsically sensitive to external refractive index exhibiting changes in the position
of the resonance wavelength. The resonant wavelength of light coupling into a particular
cladding mode is given by the phase matching condition [19]:

λres
m =(neff ,core −n m

eff ,clad )Λ
Where Λ is the grating period, neff ,core and n m

eff ,clad
 are the effective indexes of the core and

mth-cladding mode, respectively. Following the phase matching condition, a change in the
surrounding refractive index will induce a shift in the resonance wavelength due to the
variation of the n m

eff ,clad
, which is dependent on the external refractive index. The first long

period grating inscribed successfully in an optical fiber was reported in 1996 by Vengsarkar
et al. [20] for band-rejection filters, and in the same year Bhatia et al. [21] presented the first
application of long period gratings for refractive index sensing, reporting a wavelength shift
of 62nm for a refractive index change between 1.40-1.45 and an average resolution of ±
7.69×10−5 RIU in the same range; for an LPG with period of 320μm written by UV radiation
exposition in a Corning standard 1310nm fiber. Figure 6 illustrates the principle of operation
of long period gratings.

Figure 6. Fiber long period gratings

Shu et al. [22] reported in 2002 a Long Period grating written in B–Ge co-doped fiber by UV
laser irradiation technique, with a period of 202μm. For the eleventh order mode, a refractive
index sensitivity of 1481 nm/RIU was shown in the range between 1-1.36 RIU, which is
according with our knowledge the best sensitivity for a bare LPG reported for this range.
Electric-arc induced LPGs are attractive due to its simplicity and flexibility, as well as the low
cost of the fabrication process and its applicability not only to commonly used photosensitive
fibers, but also to photonic crystal fibers, which are made of pure silica. In 2011 Smietana et
al. [23] published a work on gratings with periods of 345 and 221μm, respectively, for LPGs
based on the SMF28 and PS1250/1500 fibers. Which are the shortest periods achieved for this
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type of fibers using the electric-arc manufacturing technique. Results showed refractive index
sensitivities of 302 and 483 nm/RIU in the range between 1.33-1.41 that represent also the
highest sensitivity reported for a bare LPG made by electric-arc technique for the specified
measuring range.

The sensitivity of an LPG is then typically defined as a shift of the resonance wavelength
induced by a measurand. The sensitivity characteristic of a bare LPG to surrounding refractive
index changes has an increasing (in modulus) non-linear monotone trend. The result is that
the maximum sensitivity is achieved when the external index is close to the cladding index
while for lower refractive indices (around 1.33) the LPG is scarcely sensitive. Figure 7 shows
the behavior of resonance wavelength and its optical power to refractive index changes. The
behavior changes when a thin layer of sub-wavelength thickness (few hundreds of nanome‐
ters) and with higher refractive index than the cladding is deposited thereon. The use of high
refractive index (HRI) overlays in fiber optic sensors refractometers based on evanescent wave
was explored initially by Schroeder et al. [6] for a polished FBG. Coated LPGs with thin HRI
layers was firstly proposed by Rees et al. [24] and since then, several authors have explored its
use for LPG RI sensitivity enhancement [24-28] and to develop highly sensitivity chemical
devices [29, 30].

The HRI overlay draws the optical field towards the external medium extending its evanescent
wave. As a result there is an increased sensitivity of the device to the surrounding RI. Due to
the refractive-reflective regime at the cladding-overlay interface, the cladding modes in a HRI
coated LPG are bounded within the structure comprising the core, the cladding and the
overlay. This means that a relevant part of the optical power carried by the cladding modes is
radiated within the overlay. The field enhancement in the overlay depends strongly on the
overlay features (thickness and refractive index) and the SRI. For a fixed overlay thickness and
refractive index, by increasing the SRI, the transition from cladding to overlay modes occurs:
the lowest order cladding mode (cladding mode with highest effective refractive index)
becomes guided into the overlay. At the same time, the higher order modes move to recover
the previous effective indices distribution. This is reflected through the phase matching
condition in the shift of each attenuation band toward the next lower one [31]. Resulting from
this modal transition that the attenuation bands can exhibit a sensitivity of thousands of
nanometers per refractive index unit.

Pilla et al. [32] reported in 2009 a polystyrene coated LPG (Λ = 460μm). For a 5th order resonance,
sensitivities of ~ 5000 nm/RIU (near 1.41) and ~ 2500 nm/RIU (near 1.38) were achieved for
coating thicknesses of 270nm and 320nm, respectively. The reported data showed how by
changing the overlay thickness it is possible to tune the sensitivity characteristic for the
considered cladding mode in the desired refractive index.

High order cladding modes that strongly penetrate the external medium, on the other hand,
offer higher sensitivity, and obviously these are the most desirable for sensing purposes. An
increase in the order of the coupled cladding mode is obtained by decreasing the grating period
[33]. Pilla et al. [34] reported recently in 2012 a polystyrene coated LPG (Λ = 200μm). The coating
thickness was approximately 245nm. For an 11th order resonance, sensitivity over 9000
nm/RIU near 1.347 was achieved, which is so far the best sensitivity obtained for a fiber device
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type of fibers using the electric-arc manufacturing technique. Results showed refractive index
sensitivities of 302 and 483 nm/RIU in the range between 1.33-1.41 that represent also the
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layers was firstly proposed by Rees et al. [24] and since then, several authors have explored its
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devices [29, 30].
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wave. As a result there is an increased sensitivity of the device to the surrounding RI. Due to
the refractive-reflective regime at the cladding-overlay interface, the cladding modes in a HRI
coated LPG are bounded within the structure comprising the core, the cladding and the
overlay. This means that a relevant part of the optical power carried by the cladding modes is
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becomes guided into the overlay. At the same time, the higher order modes move to recover
the previous effective indices distribution. This is reflected through the phase matching
condition in the shift of each attenuation band toward the next lower one [31]. Resulting from
this modal transition that the attenuation bands can exhibit a sensitivity of thousands of
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Pilla et al. [32] reported in 2009 a polystyrene coated LPG (Λ = 460μm). For a 5th order resonance,
sensitivities of ~ 5000 nm/RIU (near 1.41) and ~ 2500 nm/RIU (near 1.38) were achieved for
coating thicknesses of 270nm and 320nm, respectively. The reported data showed how by
changing the overlay thickness it is possible to tune the sensitivity characteristic for the
considered cladding mode in the desired refractive index.

High order cladding modes that strongly penetrate the external medium, on the other hand,
offer higher sensitivity, and obviously these are the most desirable for sensing purposes. An
increase in the order of the coupled cladding mode is obtained by decreasing the grating period
[33]. Pilla et al. [34] reported recently in 2012 a polystyrene coated LPG (Λ = 200μm). The coating
thickness was approximately 245nm. For an 11th order resonance, sensitivity over 9000
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for this range of RI. This result shows HRI coated LPGs as a promising technology for a high-
performance label free sensing applications.

LPGs show great sensitivity to the surrounding RI, but also at the same time to temperature.
In the other hand, the measurement of the refractive index is strongly dependent on the
temperature due to the thermo-optic coefficient. Thus, measurement and compensation of this
parameter is an important issue for this kind of platforms. A number of techniques have been
proposed in order to get rid of the temperature cross-sensitivity mainly based on the use of a
second grating sensitive only to temperature [35, 36].

LPG based interferometers have shown higher resolution to refractive index measurement
compared to the use of a single LPG. The advantage of using those structures lies on their
interferometric nature and its principle of operation, where the coupled core and cladding
modes from one LPG combine again at a second matched LPG to form interference fringes.
The core and cladding paths constitute the arms of an all fiber Mach–Zehnder interferometer
(see figure 8) [37]. In 2002, Allsop et al. [38] presented an LPG based Mach-Zehnder as a
refractometer. Using a pair of LPG (Λ = 270μm) apart 100mm from each other, coupling 9th

order cladding mode and interrogated by phase generated carrier technique; a resolution of
±1.8×10-6 was achieved for a RI range between 1.37-1.40. Later, in 2004 Swart et al. [39] presented
a refractometer based on Michelson interferometer, by using a single LPG located 45 mm away
from the mirrored tip (see figure 9). Compared with the Mach-Zehnder layout, the presented
configuration has potential advantages such as reflection operation and compactness, it just
need half interaction path length for the same sensitivity.

More recently, in 2010 Mosquera et al. [40], presented an optical fiber refractometer based on
a Fabry–Perot resonator that incorporates an intracavity long-period grating that couples and
recovers energy to the fiber cladding after being phase shifted by the surrounding refractive
index. Figure 10 shows the sensing head configuration. The resonator is formed by two high
reflectivity (~ 95%) FBGs separated by 47.5 mm. The external refractive index is monitored by
the resonant frequencies of the Fabry–Perot interferometer, which can be measured either in
transmission or in reflection. Results give a detection limit of ±2.1×10−5 RIU at n=1.33.

Figure 7. Refractive index response of a LPG
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Figure 8. All fiber LPG based Mach-Zehnder interferometer

Figure 9. All fiber LPG based Michelson interferometer

Figure 10. Intracavity LPG Fabry-Perot resonator

4.1. Applications

Long period gratings are the most popular fiber optic sensor for label free sensing, since in
1996 Bhatia et al. [21] presented the first LPG based refractometer, many refractive index
sensors have been reported along the years, using the refractometric ability to measure
parameters such as the concentration of ethylene glycol, sucrose, salt, ethanol among others
[33, 41-46]. Although this approach is not the most reliable due to the possible interference of
other species present in the solution, which are different from the analyte of interest. Thus, the
deposition of sensitive thin layers that can change their own refractive index in presence of a
specific analyte have opened a very interesting niche of applications. However, as mentioned
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parameters such as the concentration of ethylene glycol, sucrose, salt, ethanol among others
[33, 41-46]. Although this approach is not the most reliable due to the possible interference of
other species present in the solution, which are different from the analyte of interest. Thus, the
deposition of sensitive thin layers that can change their own refractive index in presence of a
specific analyte have opened a very interesting niche of applications. However, as mentioned
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above, the thickness and refractive index of the overlay are critical aspects that strongly affect
the sensitivity of the device.

LPGs coated by functional layers have been successfully exploited for chemical sensing. Gu
et al. [30] reported a LPG with a sol-gel derived coating of SnO2 with optimized thickness. In
presence of specific gases, the semiconductor surface energy changes, which leads to the
change of conductivity and refractive index. The sensor was tested for Ethanol vapor detection.
Corres et al. [29] used the electrostatic self-assembled method to create pH sensitive films with
an optimal overlay thickness. Two coatings were presented. The first one is based on polyal‐
lylamine hydrochloride (PAH), polyacrylic acid (PAA), and the second one was done incor‐
porating the pigment Prussian blue (PB) in the PAH/PAA matrix. Faster response was obtained
with the introduction of PB particles in the polymeric matrix. Barnes et al. [47] presented a LPG
functionalized with a polymethylsiloxane coating; able to perform solid-phase microextraction
of organic solvents such as xylene and cyclohexane. The grating was interrogated using cavity
ring down spectroscopy. Improvements regarding with sensitivity and miniaturization of the
sensing probe were studied recently by the same authors [48]. An LPG coated with a zeolite
thin film was used to detect the presence of toluene and isopropanol vapors by Zhang et al. [49].

Recently, Korposh et al. [50] reported a LPG multilayer film from silica nanoparticles and the
subsequent infusion of a porphyrin into the porous coating for ammonia sensing. The infusion
of a functional material into the base mesoporous coating, chosen to be sensitive to a specific
analyte, represents the novelty of this work. Two possible sensing mechanisms were shown,
based upon changes in the refractive index of the coating. Chemically induced refractive index
changes of the mesoporous coating at the adsorption of the analyte to the functional material
(PAA), and chemically induced desorption of the functional material (tetrakis-(4-sulfophen‐
yl)porphine), from the mesoporous coating.

LPG has been widely used for biochemical sensing; on this case a biomolecule with affinity to
a target can be used as functional coating. The earliest demonstration of biomolecule detection
using this structure was done by DeLisa et al. [51], where the LPG was used for sensitive
detection of antibody-antigen reactions. Goat anti-human Immunoglobulin G (antibody) was
immobilized on the surface of the LPG, and detection of specific antibody- antigen binding
was shown. Later, several works were reported regarding antibody-antigen interaction [32,
52-59] and also DNA hybridization [58, 60-62].

LPGs applied for label free detection of specific bacteria using physically adsorbed bacterio‐
phages were presented for the first time by Smietana et al. [63], where T4 phages immobilized
onto the surface of an LPG were used as recognition element for E. Coli detection. Recently,
improvements in sensitivity in a similar work was presented by Tripathi et al. [64].

Lately, an enzyme coated LPG was used for glucose detection by Deep et al [65]. The authors
demonstrated the successful immobilization of glucose oxidase on to the 3-aminopropyl-
triethoxysilane (APTES) silanized LPG fibers for the development of a new glucose sensing
technique.
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5. Modal interferometers

Fiber modal interferometers have recently concentrated the focus of research because of their
potential sensing capabilities and in some cases the reduced cost and simplicity of fabrication.
In the previous section an LPG based modal interferometer was introduced. The LPGs were
used as mechanism to couple light from core to cladding and subsequently from cladding to
core. There are different mechanisms through which the high order modes could be selectively
excited, by tapering a single mode optical fiber, through a core diameter mismatching structure
(larger or thinner) or by a simple misaligned splice. Other kind of devices relies on multimode
interference, in such a cases a small section of multimode fiber is properly inserted between
single-mode fibers. The aim of this section is to describe the sensing mechanism of this kind
of devices and to address the most relevant contributions for chemical and biosensing field.

5.1. Tapered single-mode fiber

Tapering a single mode fiber involves reducing the cladding diameter along with the core and
it is made by heating a section of the fiber and pulling on both ends of the fiber in the opposite
directions, either under a constant speed, force or tension. The heat source can be a gas burner
flame, a focused CO2 laser beam or an electric arc formed between a pair of electrodes. When
the optical fiber is tapered, the core–cladding interface is redefined in such a way that the light
propagation inside the core penetrates to the cladding and it is confined by the external
medium.

A fiber taper consists of three contiguous parts: one taper waist segment with small and
uniform diameter, and two conical transition regions with gradually changed diameter.
Depending on the pulling conditions it is possible to fabricate tapers with different shapes and
properties. Fiber tapers may be divided into two distinct categories: adiabatic and non-
adiabatic. An adiabatic fiber taper is characterized by a very smooth change in the profile (small
taper angle) in order to ensure a smooth mode conversion without significant losses in the
transmitted signal. In this case, the main portion of the radiation remains in the fundamental
mode (LP01) and does not couple to higher order modes as it propagates along the taper.

On the other hand, non-adiabatic fiber tapers (abrupt taper angle) can be done in such a way
that coupling occurs primarily between the fundamental mode of the un-pulled fiber and the
first two modes of the taper waveguide (LP01, LP02), where due to the large difference of the
refractive indexes of air and fiber cladding, the taper normally supports more than one mode.
The light propagates at the air/cladding interface of the tapers waist region in which case the
single mode fiber is converted into a multimode waveguide. The result of back and forth
coupling between the single mode of the fiber and the two (or more) modes of the taper is an
oscillatory spectral response. The efficiency of this last coupling is dependent on the relative
phase of the participating modes. Therefore, this device behaves as Mach-Zehnder modal
interferometer. When there are only two modes, the relative phase is Δφ=ΔβL, where Δβ and
L are the difference in propagation constants of the two modes and the interaction length along
the taper, respectively. Therefore, the spectral response of the taper will shift correspondingly
by changing the above terms. For instance, if the refractive index of the surrounding environ‐
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above, the thickness and refractive index of the overlay are critical aspects that strongly affect
the sensitivity of the device.

LPGs coated by functional layers have been successfully exploited for chemical sensing. Gu
et al. [30] reported a LPG with a sol-gel derived coating of SnO2 with optimized thickness. In
presence of specific gases, the semiconductor surface energy changes, which leads to the
change of conductivity and refractive index. The sensor was tested for Ethanol vapor detection.
Corres et al. [29] used the electrostatic self-assembled method to create pH sensitive films with
an optimal overlay thickness. Two coatings were presented. The first one is based on polyal‐
lylamine hydrochloride (PAH), polyacrylic acid (PAA), and the second one was done incor‐
porating the pigment Prussian blue (PB) in the PAH/PAA matrix. Faster response was obtained
with the introduction of PB particles in the polymeric matrix. Barnes et al. [47] presented a LPG
functionalized with a polymethylsiloxane coating; able to perform solid-phase microextraction
of organic solvents such as xylene and cyclohexane. The grating was interrogated using cavity
ring down spectroscopy. Improvements regarding with sensitivity and miniaturization of the
sensing probe were studied recently by the same authors [48]. An LPG coated with a zeolite
thin film was used to detect the presence of toluene and isopropanol vapors by Zhang et al. [49].

Recently, Korposh et al. [50] reported a LPG multilayer film from silica nanoparticles and the
subsequent infusion of a porphyrin into the porous coating for ammonia sensing. The infusion
of a functional material into the base mesoporous coating, chosen to be sensitive to a specific
analyte, represents the novelty of this work. Two possible sensing mechanisms were shown,
based upon changes in the refractive index of the coating. Chemically induced refractive index
changes of the mesoporous coating at the adsorption of the analyte to the functional material
(PAA), and chemically induced desorption of the functional material (tetrakis-(4-sulfophen‐
yl)porphine), from the mesoporous coating.

LPG has been widely used for biochemical sensing; on this case a biomolecule with affinity to
a target can be used as functional coating. The earliest demonstration of biomolecule detection
using this structure was done by DeLisa et al. [51], where the LPG was used for sensitive
detection of antibody-antigen reactions. Goat anti-human Immunoglobulin G (antibody) was
immobilized on the surface of the LPG, and detection of specific antibody- antigen binding
was shown. Later, several works were reported regarding antibody-antigen interaction [32,
52-59] and also DNA hybridization [58, 60-62].

LPGs applied for label free detection of specific bacteria using physically adsorbed bacterio‐
phages were presented for the first time by Smietana et al. [63], where T4 phages immobilized
onto the surface of an LPG were used as recognition element for E. Coli detection. Recently,
improvements in sensitivity in a similar work was presented by Tripathi et al. [64].

Lately, an enzyme coated LPG was used for glucose detection by Deep et al [65]. The authors
demonstrated the successful immobilization of glucose oxidase on to the 3-aminopropyl-
triethoxysilane (APTES) silanized LPG fibers for the development of a new glucose sensing
technique.
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5. Modal interferometers

Fiber modal interferometers have recently concentrated the focus of research because of their
potential sensing capabilities and in some cases the reduced cost and simplicity of fabrication.
In the previous section an LPG based modal interferometer was introduced. The LPGs were
used as mechanism to couple light from core to cladding and subsequently from cladding to
core. There are different mechanisms through which the high order modes could be selectively
excited, by tapering a single mode optical fiber, through a core diameter mismatching structure
(larger or thinner) or by a simple misaligned splice. Other kind of devices relies on multimode
interference, in such a cases a small section of multimode fiber is properly inserted between
single-mode fibers. The aim of this section is to describe the sensing mechanism of this kind
of devices and to address the most relevant contributions for chemical and biosensing field.

5.1. Tapered single-mode fiber

Tapering a single mode fiber involves reducing the cladding diameter along with the core and
it is made by heating a section of the fiber and pulling on both ends of the fiber in the opposite
directions, either under a constant speed, force or tension. The heat source can be a gas burner
flame, a focused CO2 laser beam or an electric arc formed between a pair of electrodes. When
the optical fiber is tapered, the core–cladding interface is redefined in such a way that the light
propagation inside the core penetrates to the cladding and it is confined by the external
medium.

A fiber taper consists of three contiguous parts: one taper waist segment with small and
uniform diameter, and two conical transition regions with gradually changed diameter.
Depending on the pulling conditions it is possible to fabricate tapers with different shapes and
properties. Fiber tapers may be divided into two distinct categories: adiabatic and non-
adiabatic. An adiabatic fiber taper is characterized by a very smooth change in the profile (small
taper angle) in order to ensure a smooth mode conversion without significant losses in the
transmitted signal. In this case, the main portion of the radiation remains in the fundamental
mode (LP01) and does not couple to higher order modes as it propagates along the taper.

On the other hand, non-adiabatic fiber tapers (abrupt taper angle) can be done in such a way
that coupling occurs primarily between the fundamental mode of the un-pulled fiber and the
first two modes of the taper waveguide (LP01, LP02), where due to the large difference of the
refractive indexes of air and fiber cladding, the taper normally supports more than one mode.
The light propagates at the air/cladding interface of the tapers waist region in which case the
single mode fiber is converted into a multimode waveguide. The result of back and forth
coupling between the single mode of the fiber and the two (or more) modes of the taper is an
oscillatory spectral response. The efficiency of this last coupling is dependent on the relative
phase of the participating modes. Therefore, this device behaves as Mach-Zehnder modal
interferometer. When there are only two modes, the relative phase is Δφ=ΔβL, where Δβ and
L are the difference in propagation constants of the two modes and the interaction length along
the taper, respectively. Therefore, the spectral response of the taper will shift correspondingly
by changing the above terms. For instance, if the refractive index of the surrounding environ‐
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ment of the taper changes, the difference in propagation constants and the relative phase would
be modified leading to a shift of the spectral response. Usually, this devices present waist
diameter of few microns, promoting high interaction of the optical signal with the surrounding
medium; thereby they are very sensitive to SRI. Figure 11 shows conceptually a non adiabatic
(abrupt) fiber taper.

Figure 11. Abrupt taper based refractometer

Fiber refractometer based in non-adiabatic tapers has been proposed recently as platform for
label free sensing. Zibaii et al. [66] presented a single-mode non-adiabatic tapered optical fiber
sensor for sensing the variation in refractive index with concentration of D-glucose in deion‐
ized water and measurement of the RI of amino acids (AAs) in carbohydrate solutions. This
method showed a rewarding ability in understanding the basis of biomolecular interactions
in biological systems. The fiber tapers were fabricated using heat-pulling method with waist
diameter and length of 7μm and 9mm respectively. The limit of detection of the sensing probe
was 55 ppm for a D-glucose concentration ranging from 0 to 80 mg ml−1. Regarding refractive
index measurements a sensitivity of ~ 1150 nm/RIU in the range between 1.3330 - 1.3447. A
resolution of ±8.2×10−6 RIU was also calculated. Zibaii et al. [67] presented also a similar sensing
probe for real-time monitoring of the Escherichia coli (E. coli K-12) growth in an aqueous
medium. The taper length and waist diameter were 7-9μm and 3nm respectively. The bacteria
were immobilized on the tapered surface using Poly-L-Lysine. By providing the proper
condition, bacterial population growth on the tapered surface increases the average surface
density of the cells and consequently the refractive index of the tapered region would increase.
The adsorption of the cells on the tapered fiber leads to changes in the optical characteristics
of the taper. This affects the evanescent field leading to changes in optical throughput.
Concerning improvements in refractive index sensitivity the same author showed a single-
mode non-adiabatic tapered optical fiber sensor inserted into a fiber loop mirror. Adjusting
the polarization controllers inserted in the loop allowed to excite different cladding modes in
the interferometric taper resulting in different optical paths for the clockwise and the coun‐
terclockwise beams. The variation of the polarization settings provided a tuning in the RI
sensitivity in a range between 800nm/RIU - 1200 nm/RIU for indices in the range from 1.3380
to 1.3510 [68].

Later, Tian et al. [69] published a tapered optical fiber biosensor that enables the label-free
detection of biomolecules. The biomolecules bonded on the taper surface were determined by
demodulating the transmission spectrum phase shift. The taper waist diameter and length
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were approximately 10μm and 12mm, respectively. A tapered optical fiber biosensor was
fabricated and evaluated with an Immune globulin G antibody-antigen pair.

5.2. Core mismatch

Abrupt Tapered devices show high sensitivity to refractive index measurements. However,
after the tapering, due to reduced fiber diameter, the structure becomes very fragile and special
handling is needed. Recently, a different approach based on core mismatched sections have
been investigated. In this case, mismatched sections are proposed as valid alternatives as
mode-coupling mechanisms to transfer optical power between core and cladding modes in
optical fiber. The idea is to couple and recouple the fundamental mode and high order cladding
modes through two mismatched sections. It can be done by using a misaligned splice or a short
section of a special fiber.

A core offset splice based refractometer was presented by Tian et al. [70] (2008). Higher order
cladding modes were excited by fusion splicing two singlemode fiber (SMF) sections with a
certain core offset. Due to asymmetric nature for a core offset splice, coupling mainly occurs
between the LP0,m and LP1,m modes. Two layouts were presented, a Mach-Zehnder by concat‐
enating two misaligned splices and a Michelson, realized by a single core offset splice and a
layer of ~ 500nm gold coating at the tip of the optical fiber. The Michelson interferometer was
tested as refractometer. The response of the device to external variations of refractive index
was evaluated by using dimethyl sulfoxide solutions with different concentrations. The
sensitivity for a device with 38 mm of interaction length was 33 nm/RIU in the range of
refractive index between 1.315-1.362.

The core-offset technique presents difficulties to control the amount of light power splitting.
In alternative, Pang et al. [71] presented a Mach-Zehnder based standard SMF sandwiched
between two double cladding fibers (DCF) sections. Standard SMF were used for both light
input and output of the Mach-Zehnder device. The DCF consists of three layers, the core, inner
cladding and external cladding. The inner cladding is thin and its refractive index is lower
than that of the core and the external cladding. The DCFs serve as the in-fiber couplers that
split and combine light propagating in the core and the outer cladding region. Because of the
depressed inner cladding structure, the light wave propagating in the core can be partially
coupled to the outer cladding through the evanescent wave. Therefore, the DCF can be
employed as a core-cladding modes coupler to construct in-fiber interferometers. The DCF
length was approximately 5mm (on both sides), and the interferometer interaction length was
93 mm. Sensitivities of 31 nm/RIU and 823 nm/RIU were obtained for the lower refractive index
(1.34 range) and the higher refractive index (1.44 range), respectively.

The idea of fiber a core diameter mismatch (CDM) based interferometer for refractive index
sensing has been reported by Rong et al. [72]. The sensing probe was constituted by a 9mm
section of SMF sandwiched between two 2mm segments of thin core fiber (TCF). The two TCF
sections act as core-cladding modes coupling and recoupling, and the SMF middle section
performs as the interference arm. The first TCF couples part of the core-guided fundamental
mode into forward propagating cladding modes of the downstream SMF via CDM. Thus, the
cladding modes propagating in the SMF middle section were sensitive to the SRI. Finally, the

Refractometric Optical Fiber Platforms for Label Free Sensing
http://dx.doi.org/10.5772/55376

361



ment of the taper changes, the difference in propagation constants and the relative phase would
be modified leading to a shift of the spectral response. Usually, this devices present waist
diameter of few microns, promoting high interaction of the optical signal with the surrounding
medium; thereby they are very sensitive to SRI. Figure 11 shows conceptually a non adiabatic
(abrupt) fiber taper.
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sensor for sensing the variation in refractive index with concentration of D-glucose in deion‐
ized water and measurement of the RI of amino acids (AAs) in carbohydrate solutions. This
method showed a rewarding ability in understanding the basis of biomolecular interactions
in biological systems. The fiber tapers were fabricated using heat-pulling method with waist
diameter and length of 7μm and 9mm respectively. The limit of detection of the sensing probe
was 55 ppm for a D-glucose concentration ranging from 0 to 80 mg ml−1. Regarding refractive
index measurements a sensitivity of ~ 1150 nm/RIU in the range between 1.3330 - 1.3447. A
resolution of ±8.2×10−6 RIU was also calculated. Zibaii et al. [67] presented also a similar sensing
probe for real-time monitoring of the Escherichia coli (E. coli K-12) growth in an aqueous
medium. The taper length and waist diameter were 7-9μm and 3nm respectively. The bacteria
were immobilized on the tapered surface using Poly-L-Lysine. By providing the proper
condition, bacterial population growth on the tapered surface increases the average surface
density of the cells and consequently the refractive index of the tapered region would increase.
The adsorption of the cells on the tapered fiber leads to changes in the optical characteristics
of the taper. This affects the evanescent field leading to changes in optical throughput.
Concerning improvements in refractive index sensitivity the same author showed a single-
mode non-adiabatic tapered optical fiber sensor inserted into a fiber loop mirror. Adjusting
the polarization controllers inserted in the loop allowed to excite different cladding modes in
the interferometric taper resulting in different optical paths for the clockwise and the coun‐
terclockwise beams. The variation of the polarization settings provided a tuning in the RI
sensitivity in a range between 800nm/RIU - 1200 nm/RIU for indices in the range from 1.3380
to 1.3510 [68].

Later, Tian et al. [69] published a tapered optical fiber biosensor that enables the label-free
detection of biomolecules. The biomolecules bonded on the taper surface were determined by
demodulating the transmission spectrum phase shift. The taper waist diameter and length
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were approximately 10μm and 12mm, respectively. A tapered optical fiber biosensor was
fabricated and evaluated with an Immune globulin G antibody-antigen pair.

5.2. Core mismatch

Abrupt Tapered devices show high sensitivity to refractive index measurements. However,
after the tapering, due to reduced fiber diameter, the structure becomes very fragile and special
handling is needed. Recently, a different approach based on core mismatched sections have
been investigated. In this case, mismatched sections are proposed as valid alternatives as
mode-coupling mechanisms to transfer optical power between core and cladding modes in
optical fiber. The idea is to couple and recouple the fundamental mode and high order cladding
modes through two mismatched sections. It can be done by using a misaligned splice or a short
section of a special fiber.

A core offset splice based refractometer was presented by Tian et al. [70] (2008). Higher order
cladding modes were excited by fusion splicing two singlemode fiber (SMF) sections with a
certain core offset. Due to asymmetric nature for a core offset splice, coupling mainly occurs
between the LP0,m and LP1,m modes. Two layouts were presented, a Mach-Zehnder by concat‐
enating two misaligned splices and a Michelson, realized by a single core offset splice and a
layer of ~ 500nm gold coating at the tip of the optical fiber. The Michelson interferometer was
tested as refractometer. The response of the device to external variations of refractive index
was evaluated by using dimethyl sulfoxide solutions with different concentrations. The
sensitivity for a device with 38 mm of interaction length was 33 nm/RIU in the range of
refractive index between 1.315-1.362.

The core-offset technique presents difficulties to control the amount of light power splitting.
In alternative, Pang et al. [71] presented a Mach-Zehnder based standard SMF sandwiched
between two double cladding fibers (DCF) sections. Standard SMF were used for both light
input and output of the Mach-Zehnder device. The DCF consists of three layers, the core, inner
cladding and external cladding. The inner cladding is thin and its refractive index is lower
than that of the core and the external cladding. The DCFs serve as the in-fiber couplers that
split and combine light propagating in the core and the outer cladding region. Because of the
depressed inner cladding structure, the light wave propagating in the core can be partially
coupled to the outer cladding through the evanescent wave. Therefore, the DCF can be
employed as a core-cladding modes coupler to construct in-fiber interferometers. The DCF
length was approximately 5mm (on both sides), and the interferometer interaction length was
93 mm. Sensitivities of 31 nm/RIU and 823 nm/RIU were obtained for the lower refractive index
(1.34 range) and the higher refractive index (1.44 range), respectively.

The idea of fiber a core diameter mismatch (CDM) based interferometer for refractive index
sensing has been reported by Rong et al. [72]. The sensing probe was constituted by a 9mm
section of SMF sandwiched between two 2mm segments of thin core fiber (TCF). The two TCF
sections act as core-cladding modes coupling and recoupling, and the SMF middle section
performs as the interference arm. The first TCF couples part of the core-guided fundamental
mode into forward propagating cladding modes of the downstream SMF via CDM. Thus, the
cladding modes propagating in the SMF middle section were sensitive to the SRI. Finally, the
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cladding modes are coupled back to the fiber core of lead-out SMF via the second TCF, mixing
with the original core mode and generating the interference signal. The studied refractometer
exhibited sensitivity up to 159 nm/RIU over low refractive index values from 1.33 to 1.38.
Similar work was presented by the same group [73]. Based on the same principle, but using
two sections of multimode fiber (MMF) as a core-cladding modes coupling and recoupling
mechanism. The sensing probe was constituted by a 40mm section of SMF sandwiched
between two 5mm segments of MMF. The device showed sensitivity up to 188 nm/RIU over
low RI values from 1.33 to 1.40. Figure 12 shows schematically the MMF assisted Mach-
Zehnder interferometer.

Figure 12. Mach-Zehnder interferometer based on core diameter mismatch

5.3. Multimode interference

Modal interference involving more than two modes has also been studied, resulting into a
spectral transfer function that is no co-sinusoidal but instead show sharp peaks at specific
wavelengths. It is common to refer this approach as multimode interference (MMI). MMI in
optical fiber devices is usually obtained by splicing a MMF section between two single mode
fibers, thus forming a SMF-MMF-SMF (SMS) fiber configuration. Based on multimodal
interference and the self-imaging or re-imaging effect, the SMS structure acts as an optical band
filter that has been widely explored for optical communication and sensing applications.

The SMS fiber concept relies on the fact that when the light field coming from the input SMF
enters the MMF, exciting several high order modes, generating a periodic interference pattern
along the MMF section. Depending on the wavelength and geometrical length, the light into
de MMF can interfere constructively or destructively resulting, at the end, in a device with
different spectral characteristics. Therefore the length of the MMF determines the spectral
features of the MMI device. Depending where the interference pattern is ‘intersected’,
constructive or destructive interference results, at different wavelengths yielding the trans‐
mission of resonant peaks or resonant losses respectively. The transmitted spectral power
distribution is, therefore, highly sensitive to the optical path length of the MMF section. It is
important to refer that in MMI devices based on standard MMF, the optical signal does not
access the external medium. Therefore, they are insensitive to the SRI. MMI based refractom‐
eters usually relies on etched cladding MMF, tapered MMF or coreless multimode fibers
(CMF). Figure 13 shows conceptually a SMS device based in a CMF, where constructive
interference is present resulting in a resonant peak in the transmitted spectrum.
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MMI fiber devices are very attractive due to their high potential for refractive index sensing.
In 2006, Jung et al. [74] presented the first MMI based fiber refractometer. The sensing structure
was based in a 125μm diameter coreless silica fiber (CSF) splice between two step index
50/125μm MMF sections. The advantage of use MMF instead SMF is the efficient power
coupling and recoupling due to the large core diameter. The refractive index resolution was
estimated to be ±4.4×10−4 RIU for a refractive index range from 1.30 to 1.44. Later, Wu et al. [75]
investigated the influence of etched MMF core diameters and on the sensitivity of an SMS fiber
based refractometer. They have shown that refractive index sensitivity is highly dependent on
the MMF diameter. The SMS fiber structure based refractometer with a core diameter of 80μm
has an estimated sensitivity of 180 nm/RIU in the RI range from 1.342 to 1.352 and 1815
nm/RIU in the RI range from 1.431 to 1.437. In another perspective, Biazoli et al. [76] studied a
tapered SMS structure for high index sensing. The device relies on a coreless MMF, part of
which was tapered down by flame brushing technique. For a 55μm MMF taper waist diameter
the results showed that in the lower indices range of 1.30–1.33, a sensitivity of 148 nm∕RIU
was achieved, while in the high sensitivity index region of 1.42–1.43, a value of 2946 nm/RIU
was also attained.

Figure 13. Singlemode-Multimode-Singlemode (SMS) multimodal interferometer

Good sensitivity, ease to fabricate and possibility to build robust devices are some of the
advantages of SMS structures for label-free sensing. However, these structures produce a
broad optical band spectrum, resulting in a small Q factor and thus poor resolution in the
measurement of spectral shift. Concerning improvements in the interrogation schema, Lan et
al. [77] proposed a SMS fiber structure coated with a zeolite thin film and interrogated by a
fiber ring laser for highly sensitive chemical vapor detection. The zeolite-coated SMS structure
was used as a bandpass filter and inserted into an Erbium fiber loop to generate a laser line
with narrow linewidth and high signal-to-noise ratio. The nanoporous zeolite adsorbs
chemical molecules from the surrounding environment to increase its effective refractive index
of the coated zeolites, producing a wavelength shift of the SMS filter and a corresponding
change in the laser wavelength. The sensor has been demonstrated for detection of ethanol.

A different approach for multimodal interference devices was presented by Xia et al. [78]. The
authors investigated a fiber modal interferometer constituted by a thin core fiber (TCF)
sandwiched between two SMF. The designed TCF modal interferometer was made with a
commercial TCF (Nufern 460-HP) whose cut-off wavelength was around three times shorter
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cladding modes are coupled back to the fiber core of lead-out SMF via the second TCF, mixing
with the original core mode and generating the interference signal. The studied refractometer
exhibited sensitivity up to 159 nm/RIU over low refractive index values from 1.33 to 1.38.
Similar work was presented by the same group [73]. Based on the same principle, but using
two sections of multimode fiber (MMF) as a core-cladding modes coupling and recoupling
mechanism. The sensing probe was constituted by a 40mm section of SMF sandwiched
between two 5mm segments of MMF. The device showed sensitivity up to 188 nm/RIU over
low RI values from 1.33 to 1.40. Figure 12 shows schematically the MMF assisted Mach-
Zehnder interferometer.

Figure 12. Mach-Zehnder interferometer based on core diameter mismatch
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Modal interference involving more than two modes has also been studied, resulting into a
spectral transfer function that is no co-sinusoidal but instead show sharp peaks at specific
wavelengths. It is common to refer this approach as multimode interference (MMI). MMI in
optical fiber devices is usually obtained by splicing a MMF section between two single mode
fibers, thus forming a SMF-MMF-SMF (SMS) fiber configuration. Based on multimodal
interference and the self-imaging or re-imaging effect, the SMS structure acts as an optical band
filter that has been widely explored for optical communication and sensing applications.

The SMS fiber concept relies on the fact that when the light field coming from the input SMF
enters the MMF, exciting several high order modes, generating a periodic interference pattern
along the MMF section. Depending on the wavelength and geometrical length, the light into
de MMF can interfere constructively or destructively resulting, at the end, in a device with
different spectral characteristics. Therefore the length of the MMF determines the spectral
features of the MMI device. Depending where the interference pattern is ‘intersected’,
constructive or destructive interference results, at different wavelengths yielding the trans‐
mission of resonant peaks or resonant losses respectively. The transmitted spectral power
distribution is, therefore, highly sensitive to the optical path length of the MMF section. It is
important to refer that in MMI devices based on standard MMF, the optical signal does not
access the external medium. Therefore, they are insensitive to the SRI. MMI based refractom‐
eters usually relies on etched cladding MMF, tapered MMF or coreless multimode fibers
(CMF). Figure 13 shows conceptually a SMS device based in a CMF, where constructive
interference is present resulting in a resonant peak in the transmitted spectrum.
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MMI fiber devices are very attractive due to their high potential for refractive index sensing.
In 2006, Jung et al. [74] presented the first MMI based fiber refractometer. The sensing structure
was based in a 125μm diameter coreless silica fiber (CSF) splice between two step index
50/125μm MMF sections. The advantage of use MMF instead SMF is the efficient power
coupling and recoupling due to the large core diameter. The refractive index resolution was
estimated to be ±4.4×10−4 RIU for a refractive index range from 1.30 to 1.44. Later, Wu et al. [75]
investigated the influence of etched MMF core diameters and on the sensitivity of an SMS fiber
based refractometer. They have shown that refractive index sensitivity is highly dependent on
the MMF diameter. The SMS fiber structure based refractometer with a core diameter of 80μm
has an estimated sensitivity of 180 nm/RIU in the RI range from 1.342 to 1.352 and 1815
nm/RIU in the RI range from 1.431 to 1.437. In another perspective, Biazoli et al. [76] studied a
tapered SMS structure for high index sensing. The device relies on a coreless MMF, part of
which was tapered down by flame brushing technique. For a 55μm MMF taper waist diameter
the results showed that in the lower indices range of 1.30–1.33, a sensitivity of 148 nm∕RIU
was achieved, while in the high sensitivity index region of 1.42–1.43, a value of 2946 nm/RIU
was also attained.

Figure 13. Singlemode-Multimode-Singlemode (SMS) multimodal interferometer

Good sensitivity, ease to fabricate and possibility to build robust devices are some of the
advantages of SMS structures for label-free sensing. However, these structures produce a
broad optical band spectrum, resulting in a small Q factor and thus poor resolution in the
measurement of spectral shift. Concerning improvements in the interrogation schema, Lan et
al. [77] proposed a SMS fiber structure coated with a zeolite thin film and interrogated by a
fiber ring laser for highly sensitive chemical vapor detection. The zeolite-coated SMS structure
was used as a bandpass filter and inserted into an Erbium fiber loop to generate a laser line
with narrow linewidth and high signal-to-noise ratio. The nanoporous zeolite adsorbs
chemical molecules from the surrounding environment to increase its effective refractive index
of the coated zeolites, producing a wavelength shift of the SMS filter and a corresponding
change in the laser wavelength. The sensor has been demonstrated for detection of ethanol.

A different approach for multimodal interference devices was presented by Xia et al. [78]. The
authors investigated a fiber modal interferometer constituted by a thin core fiber (TCF)
sandwiched between two SMF. The designed TCF modal interferometer was made with a
commercial TCF (Nufern 460-HP) whose cut-off wavelength was around three times shorter
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than normal SMF. In such structure, the high-order cladding modes will be excited when the
light reaches the first heterocore interface. The excited high-order cladding modes will interfere
with the core mode at the second heterocore interface due to the existing optical path difference
between the two modes. The constructive or destructive interference will determine the output
intensity maximum or minimum. Both transmissive and reflective TCF modal interferometers
were experimentally demonstrated, and showed a good sensitivity to a small change of
external refractive index ~ 100 nm/RIU in the range between 1.34 - 1.39. Gu et al. [79] presented
a pH sensor based on a TCF modal interferometer with electrostatic self-assembled nanocoat‐
ing. The surface of the sensor is coated with poly(allylamine hydrochloride) and poly(acrylic
acid) nanocoating. A fast and linear response was obtained in either acid or alkali solution (in
the pH range 2.5 to 10) with resolution of ±0.013 pH unit.

6. Conclusions

In this chapter a review of evanescent field based refractometric platforms for label free sensing
was given. Several aspects regarding the implementation of label free biochemical sensors
using standard optoelectronics were address. Different structures were described, including
fiber gratings, modal interferometers and multimodal devices. Emphasis was given to the
description of fiber optic device and their sensing mechanism, advantages and limitations and
the sensing performance of each sensing technology was evaluated. Table 2 summarizes the
main features of the refractometric configurations.

Technology Advantages Limitations

Etched FBG
Well developed technology

Multiplexing capability

Fragility

Low sensitivity

High cost

Tilted FBG Well developed technology
Low sensitivity

High cost

LPG High sensitivity
Fabrication

Temperature cross-sensitivity

LPG based interferometer High sensitivity
Fabrication

Device length

Abrupt taper High sensitivity Fragility

CDM based interferometers Low-cost Reproducibility

Multimodal interferometer
Low-cost

Low temperature cross-sensitivity

Reproducibility

Broader resonance

Table 2. Summary of the advantages and limitation of the studied technologies
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Optical fiber gratings, including fiber Bragg gratings and long-period fiber gratings, have also
been explored for refractive index sensing. They consist in a periodic modulation of the
refractive index of the core of the fiber, where the LPG’s period is much longer (hundreds of
microns) than the FBG’s period (typically a half-wavelength). This structural difference results
in devices with fundamentally different properties. FBGs work mainly with radiation confined
to the fiber core, in this way strategies have to be devised in order for the radiation to interact
with the external medium. Typically, FBG based refractometers rely on the evanescent field
of the core mode under fiber etching conditions. FBG based configurations are more attractive
for the purpose of multipoint sensing due to their very narrow spectral response. Nevertheless,
the etching process introduces fragility in the fiber sensor. Tilted FBGs do not require etching
therefore maintain the fiber integrity. Although, a TFBG couples the core mode to a number
of cladding modes in a large wavelength bandwidth, it renders difficulty for signal readout
and multiplexing. The refractive index sensitivity to these devices (FBG and TFBG) in the
biological range is quite low which means that these devices are not very promising for field
of biosensing.

Long period gratings (LPG), on the other hand, provide evanescent interaction by exciting
cladding modes, and are therefore intrinsically sensitive to external refractive index changes.
They maintain fiber integrity and probably represent the most popular device for label free
sensing. They present high sensitivity to refractive index measurement, which can be increased
and tuned by using HRI overlays. The HRI overlay draws the optical field towards the external
medium extending its evanescent wave. As a result there is an increased sensitivity of the
device to the SRI. The field enhancement in the overlay depends strongly on the overlay
thickness and refractive index. This technique allows the coupling of the optical design and
sensitivity optimization of the device, together with the functionalization. The careful design
by means the proper choice of the grating period, the overlay RI and a very controlled
deposition method, together with the integration on the HRI of sensitive materials or biological
active agents, provide a powerful platform for advanced optical label free biochemical sensing.
However, LPGs are also highly sensitive to temperature, they need an extra mechanism to
compensate temperature changes.

LPG interferometers based on Michelson or Mach-Zehnder layouts or even Fabry-Perot
intracavity were also demonstrated showing high sensitivity when compared with single bare
LPG, and great potential for the biosensing applications. Nevertheless, the device length (few
tens of centimeters) can be a constraint for some applications. Fiber tapers, due its highly
reduced cladding diameter have an enhanced evanescent interaction and have long been
explored for refractive index measurements by monitoring the transmitted optical power. In
spite of high sensitivity and very compact size (few millimeters), however, these structures are
very fragile and special packaging is needed.

On the other hand, new configurations using special fibers provide new sensing opportunities.
Modal interferometers based on core diameter mismatch, by using thin core fibers or multi‐
mode fiber used as cladding coupling mechanism have shown good sensitivity, ease of
fabrication and potential low cost. Nevertheless, these configurations are difficult to reproduce
and to control the mode excitation and the amount of power transferred.
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refractive index of the core of the fiber, where the LPG’s period is much longer (hundreds of
microns) than the FBG’s period (typically a half-wavelength). This structural difference results
in devices with fundamentally different properties. FBGs work mainly with radiation confined
to the fiber core, in this way strategies have to be devised in order for the radiation to interact
with the external medium. Typically, FBG based refractometers rely on the evanescent field
of the core mode under fiber etching conditions. FBG based configurations are more attractive
for the purpose of multipoint sensing due to their very narrow spectral response. Nevertheless,
the etching process introduces fragility in the fiber sensor. Tilted FBGs do not require etching
therefore maintain the fiber integrity. Although, a TFBG couples the core mode to a number
of cladding modes in a large wavelength bandwidth, it renders difficulty for signal readout
and multiplexing. The refractive index sensitivity to these devices (FBG and TFBG) in the
biological range is quite low which means that these devices are not very promising for field
of biosensing.

Long period gratings (LPG), on the other hand, provide evanescent interaction by exciting
cladding modes, and are therefore intrinsically sensitive to external refractive index changes.
They maintain fiber integrity and probably represent the most popular device for label free
sensing. They present high sensitivity to refractive index measurement, which can be increased
and tuned by using HRI overlays. The HRI overlay draws the optical field towards the external
medium extending its evanescent wave. As a result there is an increased sensitivity of the
device to the SRI. The field enhancement in the overlay depends strongly on the overlay
thickness and refractive index. This technique allows the coupling of the optical design and
sensitivity optimization of the device, together with the functionalization. The careful design
by means the proper choice of the grating period, the overlay RI and a very controlled
deposition method, together with the integration on the HRI of sensitive materials or biological
active agents, provide a powerful platform for advanced optical label free biochemical sensing.
However, LPGs are also highly sensitive to temperature, they need an extra mechanism to
compensate temperature changes.

LPG interferometers based on Michelson or Mach-Zehnder layouts or even Fabry-Perot
intracavity were also demonstrated showing high sensitivity when compared with single bare
LPG, and great potential for the biosensing applications. Nevertheless, the device length (few
tens of centimeters) can be a constraint for some applications. Fiber tapers, due its highly
reduced cladding diameter have an enhanced evanescent interaction and have long been
explored for refractive index measurements by monitoring the transmitted optical power. In
spite of high sensitivity and very compact size (few millimeters), however, these structures are
very fragile and special packaging is needed.

On the other hand, new configurations using special fibers provide new sensing opportunities.
Modal interferometers based on core diameter mismatch, by using thin core fibers or multi‐
mode fiber used as cladding coupling mechanism have shown good sensitivity, ease of
fabrication and potential low cost. Nevertheless, these configurations are difficult to reproduce
and to control the mode excitation and the amount of power transferred.
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Multimode interference based refractometers are also interesting solutions that rely on the
concept of re-imaging effects of MMI patterns present in multimode waveguides. In these
devices, the transmitted spectral power distribution is highly sensitive to the optical path
length of the multimode fiber and its SRI. Usually based on singlemode-multimode-single‐
mode structures, they can be easily fabricated and applied in different situations. However,
these configurations are also difficult to reproduce and present very broad spectral resonance
making for instance multiplexing a very difficult task. The table 2 shows the most relevant
evanescent field based fiber refractometers.

Overall, evanescent field fiber refractometers are very attractive due to their immunity to
electromagnetic interferences, small size, and capability for in-situ, real-time, remote, and
distributed sensing. Most of the applications, however, focus on the measurement of parame‐
ters such as the concentration of ethylene glycol, sucrose, salt, ethanol, among others. Neverthe‐
less, this approach is not the most reliable due to the possible interference of other species present
in the solution, which are different from the analyte of interest. Thus, the use of sensitive materials
containing biomolecules with a natural affinity to the target, or chemical species having analyte
specific ligands, has increased, mainly based on LPGs. Several works were reported regarding
antibody-antigen interaction and also DNA hybridization. Regarding chemical application
several sensing probes were presented to measure pH, Ethanol vapor, ammonia.

Configuration Measurement method Sensitivity
Resolution

(RIU)
Ref

Microfiber FBG Spectral Shift 100nm/RIU - [10]

TFBG Spectral Shift 10nm/RIU 10-4 [12]

Bare LPG Spectral Shift 1481nm/RIU - [22]

HRI coated LPG Spectral Shift >9000nm/RIU - [34]

Mach-Zehnder LPG Phase - 1.8x10-6 [38]

Fabry-Perot LPG Spectral Shift - 2.1x10-5 [40]

LPG/FBG Normalized Optical Power - 2x10-5 [35]

Abrupt Taper Spectral Shift 1150nm/RIU 8.2x10-6 [66]

CDM based Mach-Zehnder Spectral Shift 188nm/RIU - [73]

MMI Spectral Shift 148nm/RIU - [76]

Table 3. Summary of the performance parameters of the most relevant works on fiber based refractometers
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1. Introduction

Both lasers and optical fibers technology appeared in the 1960s, being, from the start, close
related. Even though the latter gained increased visibility in telecommunications, first ex‐
periments using optical fiber sensors are reported from early 1970s. From then on, research
in optical fiber sensors has increased taking advantage of their potential when comparing
with “traditional” sensors. Although there are many well established techniques to manu‐
facture optical fiber sensors, the use of laser technology as increased as their cost diminishes
(at least for older, well matured laser sources technology) and new laser sources appeared.
This new tool has the advantage of producing well controlled light beams.

Nowadays, laser processing of optical fibers in the production of fiber-based sensors is an
important research theme. In particular, the use of infrared radiation has directed attention
as new applications were found and new short pulsed laser technology have been devel‐
oped. In this chapter we will describe the main technology used and the physical principles
involved. The key parameters in laser radiation interaction with the fiber materials will be
described as well as the most common types of fiber-based sensors that can be produced.
The application of ultraviolet (UV), near-infrared (NIR) and mid-infrared (MIR) radiation in
the fabrication of fiber grating(FG) sensors is analysed. The physical principles are described
and a comparison between theoretical modelling and experimental results is presented for
MIR radiation writing of long-period fiber sensors (LPFG). Micromachining with nanosec‐
ond (ns) pulsed near-infrared laser radiation is presented and illustrate an ongoing research
in the use of this type of laser to produce new cavity-based optical sensors. Experimental
work is presented and its potential application is analysed.

© 2013 M. P. Coelho et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 M. P. Coelho et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Laser interaction with optical fiber materials

Laser interaction with the materials in general and optical fiber material in particular, de‐
pends on several parameters. These are related with the laser source (its wavelength and
emission regime, mainly) and also on the characteristics of the material itself.

Generally speaking, the common fibers used as sensors are made of glass materials.  Al‐
though plastic and polymeric materials are also used, usually sensors are produced from
fibers  made  of  ultra  pure  chemicals  like  silicon  tetrachloride  (SiCl4),  germanium  tetra‐
chloride (GeCl4) and also phosphorus oxychloride (POCl3). The improvement of their opti‐
cal properties is accomplished by doping with germanium, erbium and ytterbium among
other rare earths. Nevertheless, in the purpose of this chapter, fused silica (pure or dop‐
ed)  will  be  considered as  the  typical  bulk material  for  laser  interaction regarding fiber-
based optical sensors.

The most common lasers emit either in the UV, visible or infrared (IR). However, UV and IR
lasers have been the major players in the field of processing optical fibers given that the re‐
sulting interaction mechanisms are more efficient for these wavelengths taking advantage of
higher absorption in those regimes.

The two main regimes as laser sources concerns are continuous wave (CW) and pulsed
emission. Recent year’s laser developments allowed laser sources to present a broad range
of available pulsed regimes, from milliseconds (ms) to femtoseconds (fs) pulse widths. This
availability has potentiated new ways of using the laser as a tool for optical fiber processing.

Under laser irradiation, and depending on the mentioned source parameters, the main phys‐
ical mechanisms can be divided in thermal and photonic (non-thermal) effects. These physi‐
cal processes are used to create different fiber-based sensors, as it will be described in the
following sections.

2.1. Thermal effects

Thermal processes arise from absorption of the laser energy in the material, and in general
apply for continuous wave (CW) operation, long pulse lengths and high-pulse-repetition-
frequency pulse trains. In this case, the absorbed radiation creates an excess of energy due to
the excitation of the lattice which is transformed into heat, increasing the material’s temper‐
ature from its surface to its bulk by heat conduction, so the most basic thermal effect is heat‐
ing, that depends on irradiation time and thermal diffusivity of the material.

Heating is the effect behind LPFG fabrication using CO2 laser, where the refraction index
change is achieved by heating a fiber submitted to a tensile stress. If the irradiance is high
enough, phase transformations are produced. For silica-base materials, melting is produced
when the irradiance has a magnitude of ~105 W/cm2 and depending on the irradiation time,
the melted material increases its depth into the bulk. Once the boiling point is achieved, if
the irradiance reaches values of >> (105-108) W/cm2[1] vaporization is initiated. This last step
is the basis of the thermal photoablation, which consists in the precise removal of material,
by surface vaporization or spallation (due to thermal stresses) [1].
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2.2. Photonic effects

Photoionization is a type of laser matter interaction by which a laser pulse modifies the fun‐
damental structure of a material through physical processes like: non- thermal excitation,
ionization and dissociation of atoms and molecules, depending on the light and material
properties. The simplest process is the single photon ionization (SPI) consisting in the ab‐
sorption of a single photon with resulting removal of one electron. This process is strongly
dependent on the wavelength, laying in the UV for the interaction with glass materials, and
requires low irradiance levels (< 107 Wcm-2) [1]. This effect is the basis of the laser induced
refraction index changes in FG fabrication where this kind of photochemical reaction is pro‐
duced on UV photosensitive Ge-doped fibers.

The mechanisms of photosensitivity can be explained by the interaction of UV radiation in a
special structure in the fiber’s bulk named Germanium oxygen deficient center (GODC),
which is able to absorb one or two photon. The photosensitivity mechanism is intrinsically
associated with the dopants incorporated during the silica-based optical fiber fabrication.
Therefore, it is plausible that the origins of this process are related with the germanosilicate
glass synthesis, in which a controlled sequence of chemical reactions that involves a mixture
of several gases at high temperature occurs accordingly with the reactions [2]:
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These reactions show that the presence of germanium promotes GeO formation. Truly, the
formation of GeO defects is promoted due to the thermodynamics of the gaseous germani‐
um redox reaction at the high synthesis temperature and is dominant, since the Ge-O bond
is weaker than the Si-O bond. Despite the possibility of other suboxides being formed, GeOx
{x=1 to 4}), the GeO is the most common sub-product inside the germanosilicate glass amor‐
phous structure, GeO2-SiO2, as a source of glass defects [3]. The GODC, occurs when a Ge
atom is bonded to a Si or Ge atom, in the absence of an oxygen atom, giving rise to a strong
absorption at 242 nm band [3]. The model of an oxygen vacancy neighbouring a Ge atom
was suggested, based on the analogy of the spectroscopic properties of this Ge-related defect
with those monitored on an oxygen vacancy in pure v-SiO2. This is consistent with the one
photon nature pathway, corresponding to the GODC’s triplet state andits intensity increases
linearly with the concentration of GeO2 [4].

The photosensitivity mechanism can also be triggered through a two photon absorption
mechanism, and its efficiency is affected by several parameters like light’s power density,
attenuation and light [5]. Despite the fact that pure silica glasses exhibits poor photosensitiv‐
ity to UV-laser light even if exposed to large accumulated fluence values close to 100 kJ/cm2,
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this can be reversed when a fs-laser beam at ≈800nm wavelength is used [6]. In this case,
strong permanent changes in the refractive index (2-6×10-3) are attainable.

The two photon absorption phenomenon is considered one of the multi-photon ionization
(MPI) processes which consist in the absorption of two, three or even five photons exciting
the electrons to the conduction band. The difference between the two processes can be ex‐
plained comparing the number of photoproducts versus the irradiation intensity [7]. Typi‐
cally, this is a high-intensity (I~1011-1013 Wcm-2) [7] and very fast process, lying in the fs-
range. Two regimes are distinguished, fs-UV and fs-IR, according with the wavelength
employed. In the UV regime, the main mechanism is the previously two photon absorption
while in the IR mechanism the three and five photon absorption are predominant.

Laser-induced optical breakdown is a process of photoionization which has the result of
plasma formation and photoablation. The main photoionization mechanisms are the already
mentioned SPI and MPI. For ps- and ns-pulses the optical breakdown is explained by the
avalanche model. It’s a damage mechanism that starts with one or more electrons in the con‐
duction band, heated by the laser field. The electron collides with the matrix, gaining
enough kinetic energy (by inverse Bremstrahlung) to free a second electron. The same process
repeats until the electron density approaches the critical plasma density ~109 e-/μm3, result‐
ing in photoablation. An inconvenient is that in the ns-time scale, most of the plasma energy
is transferred to the matrix being able to produce collateral thermal damage and fractures,
worsening the quality of ablation [8]. This effect can be avoided in the fs-scale, since there’s
no time for an avalanche fully develop, and MPI assumes equal importance to electron ava‐
lanche. Thus, the heat diffusion is frozen and thermal damages are eliminated. This process
is known as “cold ablation” [8].

Theoretically, according to the electron avalanche model, the laser fluence threshold for
ablation is strongly dependent to the laser wavelength, implying that this threshold should
increase slightly as the wavelength decreases but reported experimental data shows the op‐
posite. This could mean that other photoionization processes could be implied in optical
breakdown of silica and having in mind that lattice defects are more absorptive in the UV
than in MIR [8].

3. Fundamentals of optical fiber sensors

The understanding of the potential of using laser technology to create fiber-based sensors
depends also on the understanding of the requirements those sensors have. The process of
interaction must lead to a certain change in the fiber properties that must produce the re‐
quired sensitivity to an external change. In this section, the fundamentals of the most com‐
mon fiber-based sensors is presented with focus on those being targeted as able to be
produced by laser irradiation. Cavity-based sensors and refractive-index modulated sensors
principles will be described.

Current Developments in Optical Fiber Technology378

3.1. Optical fiber grating sensors

FGs are optical devices based in the principle of photo-refractive effect first discovered by
Hill et al. [9]. Since then, their development had a significant impact on research and devel‐
opment of telecommunications systems and fiber optic sensors. It use as sensing element is
advantageous due to the intrinsic characteristics of the fiber sensors, such as multiplexing,
remote sensing, high flexibility, low propagating loss, high sensitivity, low fabrication cost,
weight and compactness, high accuracy, simultaneous sensing ability, and immunity to elec‐
tromagnetic interference.

FGs are often classified into two types: Bragg gratings (also called reflection or short-period
gratings), in which coupling occurs between modes travelling in opposite directions; and
transmission gratings (or LPFGs), in which the coupling is between modes travelling in the
same direction. These optical devices are comparatively simple and in its most basic form, it
consists on a periodic modulation of the properties of an optical fiber (usually the refraction
index of the core). This can be made by permanent modification of the refractive index of the
optical fiber core or by the physical deformation of the fibre. In this section, it is presented
the fundamental aspects of both types of gratings, and their sensing application.

3.1.1. Fiber Bragg grating

FBGs are spectral filters based on the principle of Bragg reflection. These periodic structures
operate in reflection mode and are manufactured with a period of less than 1μm. Their sub-
micron period provide coupling between the modes that propagate in opposite directions.
The principle of operation of these optical devices is schematized in Figure 1. A standard
FBG consists of a refractive index modulation in the core of an optical fibre that acts to cou‐
ple the fundamental forward propagating mode to the contra-propagating core mode. When
a broad-spectrum light beam inside in the fiber grating, a narrow wavelength range is re‐
flected and all other wavelengths are transmitted. The reflected light signal will be centered
at the Bragg wavelength. The spectral response of the FBG is governed by the phase match‐
ing condition, λB = 2neff.Λ, where λB is the Bragg wavelength, neff the effective refractive index
of the fiber core and Λ the Bragg grating period [10]. Any change in the modal index or gra‐
ting pitch of the fiber caused by strain or temperature results in a shift of the Bragg wave‐
length.

Figure 1. Schematic representation of Fiber Bragg grating principle of operation.
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opment of telecommunications systems and fiber optic sensors. It use as sensing element is
advantageous due to the intrinsic characteristics of the fiber sensors, such as multiplexing,
remote sensing, high flexibility, low propagating loss, high sensitivity, low fabrication cost,
weight and compactness, high accuracy, simultaneous sensing ability, and immunity to elec‐
tromagnetic interference.

FGs are often classified into two types: Bragg gratings (also called reflection or short-period
gratings), in which coupling occurs between modes travelling in opposite directions; and
transmission gratings (or LPFGs), in which the coupling is between modes travelling in the
same direction. These optical devices are comparatively simple and in its most basic form, it
consists on a periodic modulation of the properties of an optical fiber (usually the refraction
index of the core). This can be made by permanent modification of the refractive index of the
optical fiber core or by the physical deformation of the fibre. In this section, it is presented
the fundamental aspects of both types of gratings, and their sensing application.

3.1.1. Fiber Bragg grating

FBGs are spectral filters based on the principle of Bragg reflection. These periodic structures
operate in reflection mode and are manufactured with a period of less than 1μm. Their sub-
micron period provide coupling between the modes that propagate in opposite directions.
The principle of operation of these optical devices is schematized in Figure 1. A standard
FBG consists of a refractive index modulation in the core of an optical fibre that acts to cou‐
ple the fundamental forward propagating mode to the contra-propagating core mode. When
a broad-spectrum light beam inside in the fiber grating, a narrow wavelength range is re‐
flected and all other wavelengths are transmitted. The reflected light signal will be centered
at the Bragg wavelength. The spectral response of the FBG is governed by the phase match‐
ing condition, λB = 2neff.Λ, where λB is the Bragg wavelength, neff the effective refractive index
of the fiber core and Λ the Bragg grating period [10]. Any change in the modal index or gra‐
ting pitch of the fiber caused by strain or temperature results in a shift of the Bragg wave‐
length.

Figure 1. Schematic representation of Fiber Bragg grating principle of operation.
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Consider a uniform Bragg grating formed within the core of an optical fiber. The refraction
index profile can be expressed as n(x) = Δn.cos(2π/Λ), where Δn is the amplitude of the in‐
duced refractive-index perturbation (typically, 10-5–10-2) and x is the distance along the
fiber’s longitudinal axis. The coupled-mode theory analytical enables the description of the
reflection properties of Bragg gratings. The reflectivity of a grating with length L and con‐
stant modulation amplitude and period is given by R(L,κ) = tanh2(κ.L) [11] were the cou‐
pling coefficient for a single mode fiber is κ = π.Δn/λ.

FBGs have been applied in telecommunications[12] and also for a wide variety of sensing
applications in several fields [12]. However, FBGs has practical implementation limitations,
including the needs of special post-processing for sensing of external refractive index and
reduction of the sensor’s mechanical strength [13].

3.1.2. Long period fiber gratings

LPFGs are produced by inducing a periodic refractive index modulation (tipically 10-4) in
the fiber core with periods typically in the range from 100 μm to 1000 μm [14]. These optical
devices operate in transmission mode and their large modulation period promotes the light
coupling between co-propagating modes of the optical fibre. In the case of single mode fi‐
bers, this takes place between the fundamental and cladding modes, in the same direction.
This principle is illustrated in Figure 2. The cladding modes are quickly attenuated resulting
in a series of attenuation bands in the transmission spectrum. Each attenuation band corre‐
sponds to coupling to a different cladding mode. The phase matching wavelengths are gov‐
erned by the expression λres

m = (neff,co– neff,cl
m).Λ [10,15], where Λ is the grating period, neff,co

andneff,cl are the effective refractive indexes of the core and mth-cladding modes, respective‐
ly. The refractive index sensitivity of LPFGs arises from the dependence of the coupling
wavelength upon the effective index of the cladding mode.

Figure 2. Schematic diagram of long period fiber grating.

Light transmission through the core follows a sinusoidal function of the core refractive in‐
dex modulation for the wavelengths in the resonance [16] is given by T = cos(D.L/2), where L
is the grating length and D is a coupling coefficient proportional to the core index modula‐
tion. The bandwidth of the resonance dips depends on both the coupling coefficient and the
difference between the core and cladding indexes:
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External changes in parameters like refractive index, temperature or strain can affect the
terms in the ruling equations and consequently shift the attenuation dips and alter their
bandwidths [14]).

These optical devices are very sensitive to changes in physical parameters, such as, tempera‐
ture, strain, bending, torsion, and refractive index of the surrounding medium [17]. This
makes possible the use of the LPFGs as a multi-parameter sensor [16]. Their sensibility of to
external environment parameters is determined by the magnitude of the perturbation in the
refractive index, the period of the grating, and its length.

Compared to other optical devices, LPFGs have a number of unique advantages such as low
insertion losses polarization independence, high temperature sensitivity, and relatively sim‐
ple fabrication. A further advantage of these devices is their higher sensitivity to the envi‐
ronmental refractive index change without the need for access to the evanescent field, as in
the case of the FBGs. The extreme sensitivity of the LPFGs to environmental changes could
be a disadvantage in telecommunications devices (cross sensitive problems).

3.2. Cavity based optical fiber sensor

Optical fiber Fabry–Perot (FP) interferometric sensors are the main cavity-based type of fi‐
ber-sensors and demonstrate a great versatility in different applications [18,19]. The cavity-
based sensors are particularly attractive due to its inherent advantages, including small size,
relatively low temperature cross-sensitivity and corrosion resistance, high sensitivity, high
frequency response and immunity to electromagnetic interference.

In its simplest form, the FP cavity consists in two reflective surfaces arranged in parallel
forming a resonant cavity. The reflections at the two end surfaces of the cavity create an in‐
terference signal which is a function of the length and refractive index of the cavity. Changes
in environment causes a phase shift in the interference pattern and, as a result, a fiber FP
sensor is capable of measuring various parameters including temperature, pressure, strain
[20]. Considering a general analysis, the transmission function is [13]:
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being R the reflectivity of the surfaces, assuming that both are equal, and that the phase dif‐
ference between each succeeding reflections is φ = 4π.n.L.cos(θ)/λ.

The principle of a sensor based in devices like these is based in the fact that changes on the
cavity distance (or angle) or in the refractive index of the different media produces a change
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These optical devices are very sensitive to changes in physical parameters, such as, tempera‐
ture, strain, bending, torsion, and refractive index of the surrounding medium [17]. This
makes possible the use of the LPFGs as a multi-parameter sensor [16]. Their sensibility of to
external environment parameters is determined by the magnitude of the perturbation in the
refractive index, the period of the grating, and its length.

Compared to other optical devices, LPFGs have a number of unique advantages such as low
insertion losses polarization independence, high temperature sensitivity, and relatively sim‐
ple fabrication. A further advantage of these devices is their higher sensitivity to the envi‐
ronmental refractive index change without the need for access to the evanescent field, as in
the case of the FBGs. The extreme sensitivity of the LPFGs to environmental changes could
be a disadvantage in telecommunications devices (cross sensitive problems).

3.2. Cavity based optical fiber sensor

Optical fiber Fabry–Perot (FP) interferometric sensors are the main cavity-based type of fi‐
ber-sensors and demonstrate a great versatility in different applications [18,19]. The cavity-
based sensors are particularly attractive due to its inherent advantages, including small size,
relatively low temperature cross-sensitivity and corrosion resistance, high sensitivity, high
frequency response and immunity to electromagnetic interference.

In its simplest form, the FP cavity consists in two reflective surfaces arranged in parallel
forming a resonant cavity. The reflections at the two end surfaces of the cavity create an in‐
terference signal which is a function of the length and refractive index of the cavity. Changes
in environment causes a phase shift in the interference pattern and, as a result, a fiber FP
sensor is capable of measuring various parameters including temperature, pressure, strain
[20]. Considering a general analysis, the transmission function is [13]:
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in the transmitted signal (or reflected, since, the reflected signal is equal to 1-T, not consider‐
ing absorption). The resolution of the sensor can be evaluated through a parameter named
finesse, F, relating the distance between peaks, Δλ, and the full-width half-maximum of the
peaks, δλ:F = Δλ/δλ. Naturally, real fiber sensors are more complex and the applied theory
differs from case to case.

Traditionally, FP cavities have been divided in intrinsic (where the sensing element is the
fiber itself), extrinsic (two fiber pieces physically separated forming a cavity bounded typi‐
cally with a capillary glass tube) or hybrid (splicing sections of different types of fibers, for
example)[18,21-23]. However, other methods of creating these cavities have been researched
like chemical etching and laser processing.

Chemical etching is an efficient and low cost way of producing FP cavities in optical fibers,
but the control of the cavity length is less accurate and depends on the precise control of the
process, mainly the duration of the etching[24].

Recent methods use laser beams to produce the cavities, either by removing material lateral‐
ly in the fiber [25] or opening holes on the fiber’s end [26] as schematized in Figure 3. Ran et
al. present an interesting example [26] of a refractive index sensor based on a cavity created
by a 157 nm wavelength laser beam on the end of an optical fiber. The micropatterned fiber
is then spliced to another fibercreating an air cavity. With this geometry (Figure 3(a)), the
refractive index measures can be accomplished without the need of filling the micrometric
cavity. In this case, reflection in a third interface must be considered and equation (1) re‐
placed accordingly [20,26], and the analyzed signal is the reflected instead of the transmit‐
ted. This type of sensor, with a cavity formed from a hole with a depth of around 20μm and
56 μm diameter (and 1 mm distance to the tip), allowed to measure refractive indexes of liq‐
uids with a resolution of ~4x10-5, and is considered as the guideline for the research present‐
ed in section 5.

Figure 3. Schematic of two possible configurations for cavity-based optical sensors.

4. FGs sensors fabrication using laser radiation

FGs are important fiber-based sensors. Traditionally they are produced by arc-discharges or
UV-exposure. However, in the last years the use of CO2 lasers, emitting in the MIR, and fs
lasers, emitting in the NIR, to write FGs has emerged as an important alternative. In this sec‐
tion, the main laser manufacturing techniques of fiber grating sensors are presented, consid‐
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ering UV, MIR and NIR radiations. In this scope, an analytical theoretical model for the
writing of LPFG by MIR radiation is presented and compared with experimental data.

4.1. FG writing using UV lasers

The use of UV laser radiation was in the base of both FBG and LPFG development. The for‐
mation of gratings in an optical fiber was first reported in 1978 by Kawasaki et al. [27] using
an argon-ion laser at 488 nm UV wavelength. A few years latter, the first LPFG was intro‐
duced in 1995 by Vengsarkar who exposed photosensitive optical fibers to 242-248 nm
wavelength UV krypton fluoride, KrF, laser light [28].

Although the first FBGs have been manufactured by internal writing [27] (using the interfer‐
ence between the transmitted beam and reflected beams) and holography (two overlapping
UV light beams interfere producing a periodic interference pattern) [29], the phase-mask
technique has quickly become usual, and even used (in a similar way) from the start for
LPFG writing.

Usually, the phase-mask is made from a flat piece of silica glass (transparent to UV radia‐
tion) where a one dimensional periodic surface relief is etched (using photolithographic
techniques) in one of the surfaces. Thus, the phase-mask becomes an optical element with
the capability to diffract the UV beam in transmission. The interference of the transmitted
beams corresponds to different diffraction orders in the proximity of the surface, originating
a fringe pattern, and leading to Bragg gratings fabrication by modulation of the refractive
index in the core of the optical fibre. The profile of the phase grating is chosen such that the
zero-order diffracted beam is suppressed to less than 1% of the transmitted power. In addi‐
tion, the principal beams diffracted by the phase-mask correspond to plus and minus first
orders, containing each one, typically, more than 35% of the transmitted power. Then the
produced interference pattern photo-imprints a refractive index modulation in the core of
the photosensitive optical fibre placed in contact, or in close proximity, immediately behind
the phase mask. Typically, the fringe pattern is focused along the fiber’s core with the help
of a cylindrical lens. The phase-mask technique has the advantage of greatly simplifying the
manufacturing process for Bragg gratings, yet yielding high performance gratings. In com‐
parison with the holographic technique, the phase-mask technique offers easier fiber/laser
alignment, reduced stability requirements on the writing apparatus and lower coherence re‐
quirements on the UV laser beam.

Another writing method uses the point-by-point technique. In this case, single UV laser
beam is used to imprint the grating into the fibers equentially along the fiber’s length. The
incident laser beam is focused on the optical fiber core or cladding (for either FBG or LPFG,
respectively) using a lens. The periodic irradiation is accomplished by computer control of
the laser beam and the movement of the fiber, so the periods are inscribed. Another way to
produce the periodic inscription is by scanning the laser beam focus over the optical fiber,
not only to produce the longitudinal modulation but also to produce each transversal refrac‐
tive index change zone. This process is illustrated in section 4.2.2 regarding MIR irradiation
techniques. Figure 4 illustrate both writing techniques.
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Another writing method uses the point-by-point technique. In this case, single UV laser
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respectively) using a lens. The periodic irradiation is accomplished by computer control of
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The mentioned methods apply independently of the UV laser used, and thus from the physical
mechanisms involved (see section 2). However, laser technology significantly differs, a charac‐
teristic of producing FG using UV laser radiation. Usually, excimer lasers are used to write FGs
through the single- or double-photon low energy physical principles described in section 2.
Wavelengths of 488 nm, and in the ranges 333 nm to 364 nm or 244 nm to 288 nm are typical ei‐
ther for FBGs or LPFGs. Besides applied wavelength, the required irradiances depend strongly
in the optical fiber being considered (mainly its photosensitivity characteristics) but can rough‐
ly being considered in the range from a few W/cm2 to tenths of MW/cm2 [7].

Figure 4. Illustration of (a) phase-mask and (b) point-by-point writing techniques.

Regarding multiphotonic high-excitation energy UV irradiation, this is accomplished using
the (relatively) new fs-pulsed laser technology, typically emitting with wavelengths lower
than 248 nm. In these cases, irradiances are in the order of GW/cm2 or higher [7]. This tech‐
nology based in fs-pulses allows obtaining excellent quality FGs mainly to the laser high
spatial uniformity [7]. However, this technology is still very expensive which limits its
broader use when comparing with other technologies (either in UV or IR).

4.2. LPFG writing using CO2 lasers

The use of CO2 lasers to produce LPFGs was first reported by Davis et al. [30] and Akiyama
et al. [31] in 1998. From then on, the application of this technology has lead to an increasing
research on its application for the development of new optical fiber sensors [32].

Using this type of MIR emission laser has several advantages regarding the other two well
established methods (UV lasers and arc discharges). The gratings can be inscribed directly in
most telecommunication fibers, support high temperatures without vanishing (in opposition
to those produced by UV) the process has high repeatability and predictability (in opposi‐
tion to the arc-discharge method). Also, since CO2 laser systems are commonly used to proc‐
ess several materials and have a long established industrial application, available systems
are robust and low-price.

The application of MIR laser radiation to produce a LPFG has physical principles similar to
the ones considered for arc-induced LPFGs [33]. Both rely in thermal effects acting in the fi‐
ber bulk materials. However, while the latter can be considered as a volume effect, being ap‐
plied along the transversal section of the fiber, between the two electrodes, the material’s
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high superficial absorption considered in MIR irradiation promotes heat conduction as a
major player in the physical mechanisms involved.

4.2.1. Physical mechanisms

Considering a standard silica-based optical fiber under tension and irradiated by a (Gaussi‐
an) 10.6 μm wavelength beam emitted from a CO2 laser, two main phenomena must be con‐
sidered: the thermal heating due to the interaction between the photons and the glass
molecular structure and the stress due to the differences between a relatively low-viscosity
doped silica core and a relatively high-viscosity pure silica cladding [34]. Differences be‐
tween core and cladding thermal expansion coefficients and viscosity lead to residual ther‐
mal stresses and draw-induced residual stresses. These effects are localized and, when
periodically induced in the fiber’s length, can be responsible for the creation of the gratings.
This effect is due to the refractive index change resulting from frozen-in viscoelasticity [35].

The temperature distribution T(r,z,t), with r2 = x2 + y2 for laser heating of a homogeneous me‐
dium can be obtained by solving the 2D heat flow equation. Considering K = K(T), defining
the thermal diffusivity k [m2 s-1] as k = K/(ρ Cp), where ρ is the density, Cp the specific heat, K
the thermal conductivity and assuming them constants, the resulting temperature can be ap‐
proximated for Gaussian elliptical laser beams through [36-40]:

( ) ( ) ( ) ( )

( )

0

2 2

1
, , , , , exp

4 2

exp
2

K t T
T

x y

T
T

R P a s zT x y z t x y s a z erfc
kw w s

a s za z a b erfc ds
s

p
- é æ ö

= Y × + +ê ç ÷
ê è øë

ùæ ö
+ - × + × - úç ÷

úè øû

ò
(4)

with

( )

( )

( )222

2 2 2 2 2, , exp
4

1

TT

x y

x y

a sa s yxx y s
s w s w s

w w

é ù
ê úY = × - +
ê ú+ +

+ ë û
(5)

being R the reflectivity at the air/fiber interface for the assumed wavelength, P the laser
power, aT the absorption coefficient (assumed constant) and wx and wy the beam's radii at
focus (for each axis). With the temperature, T, the resulting residual thermal stresses can be
calculated using [37]
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molecular structure and the stress due to the differences between a relatively low-viscosity
doped silica core and a relatively high-viscosity pure silica cladding [34]. Differences be‐
tween core and cladding thermal expansion coefficients and viscosity lead to residual ther‐
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dium can be obtained by solving the 2D heat flow equation. Considering K = K(T), defining
the thermal diffusivity k [m2 s-1] as k = K/(ρ Cp), where ρ is the density, Cp the specific heat, K
the thermal conductivity and assuming them constants, the resulting temperature can be ap‐
proximated for Gaussian elliptical laser beams through [36-40]:
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being R the reflectivity at the air/fiber interface for the assumed wavelength, P the laser
power, aT the absorption coefficient (assumed constant) and wx and wy the beam's radii at
focus (for each axis). With the temperature, T, the resulting residual thermal stresses can be
calculated using [37]
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beingrc is the radius (cladding or core), E is the Young’s modulus and υ the Poisson’s ratio.

If the core is the lower viscosity glass (e.g. Ge-doped silica core with pure silica cladding),
the residual axial elastic stresses in the cladding and core, σcl and σco, respectively, resulting
from a draw tension F, over the equivalent cross-sectional areas Acl and Aco can be obtained
from [37]:
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Taking in consideration the mentioned stresses, the refractive index change in a silica-based
optical fiber can be approximated by the relation [35] ∆n ≈ -6.35×10-6σ, where σ represents
the overall (both thermal and drawn-induced) residual stresses (in MPa) in the fiber’s axial
direction. Accordingly with Yablon [34], stresses in the other directions can be neglected.

Besides stress-related refractive index change, localized heating can induce microdeforma‐
tion of the fiber and also changes in its glass structure. The later is likely to occur in the core
for which the fictive temperature (below the fictive temperature the glass structure doesn’t
change) is lower [33,41]. As an example, it can be found that, for a Ge-doped core, the fictive
temperature ranges from 1150K and 1500K [41].

These analytical equations don’t consider all the physical phenomena (e.g. convection and
radiation losses) and were developed assuming several simplifications (mainly, neglecting
the temperature dependence of the glass parameters). However, their capability of being
used as an engineering tool to develop fiber optic sensors has been demonstrated [40]. A de‐
tailed analysis can be made using numerical methods and considering that the absorption
coefficient is temperature dependent, e.g. accordingly with MacLachan and Meyer [42].

4.2.2. Irradiation methodologies

Since there is still no phase mask available for CO2 laser radiation, methodologies rely basi‐
cally in the point-by-point technique. Nevertheless, several methodologies have been tested
since the first experiences in 1998 and are resumed in the schematic of Figure 5. As an exam‐
ple, Davis [30] and Akiyama [31] both have written each single period of a grating by focu‐
singthe laser beam by means of spherical lenses. Spots had dimensions of about 140 μmand
translation stages moved the fiber under the laser spot. They used a CW laser, and the single
pulse duration was defined through a computer-controlled shutter.

Usually, CW CO2 laser technology is chosen due to its availability and cost. Low power la‐
sers and mechanical shutters allowing hundreds of ms pulses perform well and accomplish
the required performances. Q-switch CO2 lasers [43] have also been reported by Raoet al.
[44]. In this case, shorter pulses are available at high frequency rate (in the order of kW).
Nevertheless, since fluence is the main parameter involved in the interaction process, setting
laser power, pulse duration and spot radius should lead to similar results [40].
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Figure 5. Schematic illustrating the different irradiation methodologies that can be applied for each available opera‐
tional parameter.

Regarding the way each refractive index modulation is created, there are mainly two op‐
tions: a static irradiation, for which the laser is applied for a determined amount of time, and
a dynamic irradiation where the laser beam is scanned over the region where the refractive
index change is to be created. In the first case, basically, one must ensure that the region is
fully irradiated (i.e. the focused spot is larger that fiber’s diameter) while in the scanning
procedure requires the opposite (spot size smaller that the fiber’s diameter).

Figure 6 schematizes the two situations considered for the static procedures and the one for
scanning. For the latter (Figure 6(a)), the usual procedure is to have the laser beam focused
in a small spot and scanned it over the fiber using a galvanometric mirror. If two of such
mirrors are used, one of them can be used to move the beam longitudinally and thus write
the full LPFG without moving the fiber. However, these scanners and associated optics are
expensive, and accomplishing small spots is difficult for the considered wavelength. The dif‐
fraction limited spot radius, wd, resulting from focusing an initial beam of wavelength λ and
radius w0 using a lens of focal distance f is: wd = 1.22λ.f/w0.

Figure 6. Illustration of (a) dynamic scanning and static (b) circular and (c) elliptical spots procedures in creating LPFG
in an optical fiber.

Figure 7 shows the diffraction limited spot radius values for a 10.6 μm wavelength beam fo‐
cused by different lenses. Two situations are plotted: one considers that the laser has an ini‐
tial 3.5 mm radius (a usual value) and the other that this value doubles (e.g. using a 2x beam
expander). Also plotted is the dimension (cladding radius) of a common optical fiber (for the
case, the SMF-28, already considered previously). The plot indicates that only for the lowest
focal lengths (< 20 mm, averaging for the two situations) one can obtain spot sizes smaller
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4.2.2. Irradiation methodologies

Since there is still no phase mask available for CO2 laser radiation, methodologies rely basi‐
cally in the point-by-point technique. Nevertheless, several methodologies have been tested
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singthe laser beam by means of spherical lenses. Spots had dimensions of about 140 μmand
translation stages moved the fiber under the laser spot. They used a CW laser, and the single
pulse duration was defined through a computer-controlled shutter.

Usually, CW CO2 laser technology is chosen due to its availability and cost. Low power la‐
sers and mechanical shutters allowing hundreds of ms pulses perform well and accomplish
the required performances. Q-switch CO2 lasers [43] have also been reported by Raoet al.
[44]. In this case, shorter pulses are available at high frequency rate (in the order of kW).
Nevertheless, since fluence is the main parameter involved in the interaction process, setting
laser power, pulse duration and spot radius should lead to similar results [40].
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Regarding the way each refractive index modulation is created, there are mainly two op‐
tions: a static irradiation, for which the laser is applied for a determined amount of time, and
a dynamic irradiation where the laser beam is scanned over the region where the refractive
index change is to be created. In the first case, basically, one must ensure that the region is
fully irradiated (i.e. the focused spot is larger that fiber’s diameter) while in the scanning
procedure requires the opposite (spot size smaller that the fiber’s diameter).

Figure 6 schematizes the two situations considered for the static procedures and the one for
scanning. For the latter (Figure 6(a)), the usual procedure is to have the laser beam focused
in a small spot and scanned it over the fiber using a galvanometric mirror. If two of such
mirrors are used, one of them can be used to move the beam longitudinally and thus write
the full LPFG without moving the fiber. However, these scanners and associated optics are
expensive, and accomplishing small spots is difficult for the considered wavelength. The dif‐
fraction limited spot radius, wd, resulting from focusing an initial beam of wavelength λ and
radius w0 using a lens of focal distance f is: wd = 1.22λ.f/w0.

Figure 6. Illustration of (a) dynamic scanning and static (b) circular and (c) elliptical spots procedures in creating LPFG
in an optical fiber.

Figure 7 shows the diffraction limited spot radius values for a 10.6 μm wavelength beam fo‐
cused by different lenses. Two situations are plotted: one considers that the laser has an ini‐
tial 3.5 mm radius (a usual value) and the other that this value doubles (e.g. using a 2x beam
expander). Also plotted is the dimension (cladding radius) of a common optical fiber (for the
case, the SMF-28, already considered previously). The plot indicates that only for the lowest
focal lengths (< 20 mm, averaging for the two situations) one can obtain spot sizes smaller
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than the optical fiber radius. The common situation is to use focal lengths in the order of 50
mm, and typically spot sizes are in the order of hundreds of microns. This leads to the fact
that usually a static approach is used. Since a circular spot creates (potentially) larger affect‐
ed zones (Figure 6(b)) and, for smaller beams makes it more difficult to align relatively to
the fiber, elliptical beams (Figure 6(c)) are often the preferable choice. This is accomplished
by using a cylindrical lens with its axis perpendicular to the fiber’s axis.

Figure 7. Diffraction limited spots for w0 = 3.5 mm or w0 = 7.0 mm CO2 laser beam radius focused by different focal
length lenses.

While no major difference in the LPFG performance has been reported regarding the above
mentioned different techniques, the single–side and symmetric exposure to the laser radia‐
tion were compared by Oh et al. [45], demonstrating that the polarization-dependent loss of
the first fabrication method (1.85 dB at 1534 nm) could be significantly reduced to 0.21 dB by
applying the second method. Nevertheless, due to its simplicity, the single-side exposure is
the most commonly used methodology and the accomplished performance still fulfils the
usual requirements.

The same techniques, applied with different parameters (e.g. laser power and applied
weight) can produce different devices like based on tapers or grooves along the fiber (i.e.,
zones were the cladding diameter is reduced) [46]. Other possible advances can be accom‐
plished in the future regarding the writing of non-uniform (or “chirped”) LPFG, where the
period changes along the grating, and direct writing by MIR interferomety [46].

4.2.3. An example

Considering a standard single-mode fiber, SMF-28 [47], consisting of a core of 3.5 mol% Ge-
doped SiO2 and a pure fused silica cladding and irradiating with a common CO2 laser a sim‐
ple example can illustrate the application of the formulae and also correlate with
experimental data. Table 1 presents the fiber’s main parameters considered for the calcula‐
tions and their references. Values from Yang et al. [36] are considered for the 10.6 μm wave‐
length of a CO2 laser and equals for both the core and the cladding. This assumption can be
made mainly since the Ge concentration in the fiber’s core is very low [7,48,49].
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Using a static asymmetrical irradiation with a CW CO2 laser and a cylindrical lens to have a
wx = 0.15 mm and wy = 1.75 mm elliptical spot on the fiber, the implemented setup is schema‐
tized in Figure 8(a) and the considered referential in Figure 8(b). In practice, a Synrad 48-2
laser and a 50 mm focal length lens were used. The laser operation was computer controlled
with emissions in the order of hundreds of ms. Experimental set-up also consisted of a
broad band light source (Thorlabs S5FC1005S) and an optical spectrum analyzer (OSA) to
monitor the LPFG fabrication, while a fast camera (PCO SensiCAM), perpendicular to the
irradiation axis, allows to optically visualize the process. The irradiated zones were ana‐
lyzed using an optical microscope with amplifications up to 1,000×.

Parameter Core Cladding

Radius, w (μm) [47] 4.1 62.5

Refractive índex (@ 1550nm, 300K), n [7] 1.449 1.444

Young’s modulus, E (GPa) [49] 70.8 72

Poisson’s ratio, ν [49] 0.165 0.173

Reflectivity (@ 10.6 μm), R [36] 0.15

Density, ρ (kg/cm3) [36] 2.2×10-3

Specific heat, Cp (J/kg K) [36] 703

Thermal diffusivity, K (m2/s) [36] 2

Absorption coefficient (@ 300K), aT (cm-1) [36] 250

Table 1. Optical fiber parameters considered for the calculations.

Figure 8. a) Schematic apparatus of a LPFG writing by laser and (b) optical fiber cross-section indicating the consid‐
ered referential and the interfaces between the different regions: A – irradiated surface, B – core/cladding interface
(upper), C – core/cladding interface (lower) and D – bottom surface.

Figure 9(a) shows a microscope photo of an irradiated fiber, part of a 25 mm length grating
with a period of 500 μm and Figure 9(b) the resulting relative transmission spectrum.Be‐
sides the general conditions previously mentioned, a weight of 16 g was applied and a laser
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weight) can produce different devices like based on tapers or grooves along the fiber (i.e.,
zones were the cladding diameter is reduced) [46]. Other possible advances can be accom‐
plished in the future regarding the writing of non-uniform (or “chirped”) LPFG, where the
period changes along the grating, and direct writing by MIR interferomety [46].

4.2.3. An example

Considering a standard single-mode fiber, SMF-28 [47], consisting of a core of 3.5 mol% Ge-
doped SiO2 and a pure fused silica cladding and irradiating with a common CO2 laser a sim‐
ple example can illustrate the application of the formulae and also correlate with
experimental data. Table 1 presents the fiber’s main parameters considered for the calcula‐
tions and their references. Values from Yang et al. [36] are considered for the 10.6 μm wave‐
length of a CO2 laser and equals for both the core and the cladding. This assumption can be
made mainly since the Ge concentration in the fiber’s core is very low [7,48,49].
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laser and a 50 mm focal length lens were used. The laser operation was computer controlled
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Figure 8. a) Schematic apparatus of a LPFG writing by laser and (b) optical fiber cross-section indicating the consid‐
ered referential and the interfaces between the different regions: A – irradiated surface, B – core/cladding interface
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Figure 9(a) shows a microscope photo of an irradiated fiber, part of a 25 mm length grating
with a period of 500 μm and Figure 9(b) the resulting relative transmission spectrum.Be‐
sides the general conditions previously mentioned, a weight of 16 g was applied and a laser
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power of 6W was delivered for the duration of 600 ms. In this image it is possible to observe
an affected area along the fiber’s axis of about 130 μm. Also visible is a (small) micrometric
deformation of the fiber.

Using equation (4), one can obtain the temperature distribution at the different regions illus‐
trated in Figure 8(b). Figure 10 shows this distribution along the fiber’s axis as well as the
equivalent zone regarding the size of the visible affected zone observed in Figure 9(a). From
the curves it is clear that the temperature differences along the core are negligible (in depth,
the core can be considered at the same temperature) and above the fictive temperature. In
the opposite, the cladding shows a significant temperature difference between the fiber’s
front surface (laser incidence) and its back surface (about 230K).

Figure 9. Picture showing (a) an irradiated zone belonging to a 25 mm LPFG with 500 μm period and (b) respective
relative transmission. (600 ms exposure time, 6 W laser power).

Figure 10. Temperature distribution at the fiber’s axial direction at t = 0.6 s. The curves were obtained at the optical
fiber's front surface, core/cladding interfaces (upper and lower) and at the back surface of the fiber, and x = y = 0 mm
(see Figure 8).

Using the set of equations (7), the residual axial elastic stresses in the cladding and core are
approximately 0.05 MPa (cladding) and 12.57 MPa (core). Adding these values to the residu‐
al thermal stresses calculated using equation (6) the resulting residual stresses can be ob‐
tained. Figure 11(a) plots these values for x = 0 along the z-axis. The asymmetry is clearly
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visible (mainly in the cladding). However, it has no significant impact in the refractive index
profile (obtained by adding the refractive index change ∆n to its initial value) resulting from
the process as it can be observed in the plot in Figure 11(b).

Figure 11. (a) Total residual stress and (b) refractive indexes (before and after laser irradiation) profiles, for the condi‐
tions considered.

Also evident is the imposing nature of the thermal component. However, if the drawing
force increases, the balance between residual stresses changes. Figure 12 plots the refractive
index change Δn calculated for the core and cladding by increasing the weight. For lower
weights, the core’s refractive index increases while for weights higher than approximately
60 g, it diminishes. At this value, the refractive index modulation is due mainly to the
change in the cladding (which has almost no change with the weight value).

Figure 12. Refractive index change (core and cladding) with increasing weight, for the conditions considered.

4.3. Multi-photonic NIR laser writing of FG sensors

Besides single UV photonic absorption and MIR thermal effects, fs-pulse duration NIR (fs-
NIR) lasers appeared in the last years as alternative sources to write LPFG [7,50,51] and FBG
[50,52]. In this case, the high peak power irradiation (typically in the order tenth’s of thou‐
sands of GW/cm2) produced by the fs-NIR laser induces high refractive index changes in the
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bulk glass material. This effect is considered as resulting from a non-linear multi-photonic
absorption/ionization process in which material compaction and/or defect formation (de‐
pending on the intensity of the exposure) can occur [52]. Typically, 800 nm wavelength
Ti3+:Al2O3 lasers are being used with pulses in the order of hundreds of fs. This laser makes
use of the five-photon mechanism interaction with the silica-based optical fiber and 7.8 eV
band-gap energy for the common 3 mol% Ge-doped fused silica core considered in the ex‐
amples presented in this chapter [7].

Two types of writing procedures have been researched so far: one using a phase-mask proc‐
ess and the other a point-by-point writing. Both are similar to the techniques described pre‐
viously for UV and MIR radiation writing. Thermo-stability (up to the glass transition
temperature) of both laser written FBG and LPFG, and the ability of record in different types
of fibers, as been reported as the main advantage of this technique. However, FBG fabricat‐
ed using phase masks have strong cladding-mode absorption, only removed with careful
relative positioning between the phase mask and the fiber, as well as with the choice of a
special high order pitch phase mask [7]. High sensitivity to alignment is also reported [7,52]
as one of the major drawbacks in fs-NIR technique regarding LPFGs, not only using masks
but also in point-by-point writing. Nevertheless, the latter technique is being researched to‐
wards its application in the development of non-uniform (or “chirped”) Bragg gratings [53]
and direction-sensitive bending sensors [54].

5. NIR laser micromachining for cavity-based sensors

In recent years fiber micromachining has experienced an increasing development in the con‐
text of fiber sensing, the focus being made in creating intrinsic fiber optic structures, such as
Fabry-Perot cavities, diffraction elements in the fiber end face, etc. To do so, the most tradi‐
tional technique is based in the use of chemical etching. However, this technique (as others)
is characterized by having low flexibility in its use. In the present, the preferred fabrication
technique relies on laser etching, most notably fs or UV laser machining. This is a novel ap‐
proach (basically following the principles already described in previous sections) being con‐
sidered as having a huge potential, but the required equipment is complex and highly
expensive. To overcome the present limitations the authors have been researching in apply‐
ing ns-NIR pulses [20]. In this section this new technique is presented and its different appli‐
cations illustrated. Based in the available experimental data, this optical fiber processing
technique is analysed and its potential evaluated.

5.1. Laser micropatterning

Laser micropatterning refers to a material-removal process where micron-level features are
fabricated in materials using a highly focused laser beam with high energy density, which is
scanned over the material to create a specific feature. Ultra-fast lasers have pulse duration in
the ns- through the fs-range which creates material removal by a vaporization process that
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limits material heating and allows materials to be micromachined with less dependence on
laser wavelength absorption.

Micropatterning of hard materials, like glass, with pulsed lasers delivers the highest energy
in the shortest possible time, thus reducing the material shock/impact effects. Applying laser
energy over a relatively long time results in distortion of the microfeature, and other un‐
wanted results, such as a large heat-affected zone, recast material, microcracking of the sur‐
face or inner walls or the laser beam not penetrating completely through the material
thickness. These effects can be reduced by using a short (<ms) pulse length.

One of the simplest ways to produce micro-patterns is to apply the concepts of laser drilling
and appropriated scanning strategies. Traditional laser drilling techniques are: single pulse
drilling, percussion (multiple pulses) drilling and trepanning. In this sequence, the required
number of pulses increases, which can increase the machined volume.Basically, material re‐
moval in laser hole drilling relates with the vaporization of the material.

When dealing glass materials used in the development of fiber-based sensors, the laser inter‐
action is conditioned by two important parameters: the wavelength and duration of the laser
pulses. Since thermal impact can cause cracks in the glass after laser irradiation, UV radia‐
tion, having photon energies similar with those of glass, allows material removal by photon‐
ic processes without heating the material. Another possibility is to use ultra-short pulses
(<ps), so even in the NIR, photonic processes predominate over thermal effects. However,
recent studies demonstrated that nanosecond pulses [14,20], in the NIR, can effectively be
used to replace UV and fs-lasers in processing silica-based materials.

5.2. Results on nanosecond NIR pulses micropatterning

In 2011, Nespereira et al. [20] have presented the first results in creating micrometric holes in
optical fibers using nanosecond NIR radiation. Since the tested optical fibers (standard com‐
munication silica-based fibers) have reduced absorption in the NIR (absorption coefficient
around 1 dB/km) [47], the analysis made in section 4 regarding MIR interaction (with either
core or cladding) cannot be made. So, although more research is needed (in particular to
fully understand the physical principles involved), experiments allowed determining the
conditions to vaporize the required amount of material. Holes with few microns and depths
higher than 10 μm were accomplished with multiple superposed shots. The analysis demon‐
strates the possibility of writing patterns and the potential in the development of fiber-based
sensors.

5.2.1. Experimental procedures

Figure 13 illustrates the setup implemented and shows a picture of its implementation. Two
main paths can be considered: an irradiation path, combining the laser source and an objec‐
tive, and an observing path, were light reflected by the targeted fiber is observed by a CCD
camera. Together with the fiber, a dichroic mirror is common to both paths allowing reflect‐
ing the emitted NIR laser beam, and transmitting visible light reflected by the fiber.
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The irradiation procedure was based on a pulsed Nd:YAG laser (BMI model: 5012 DNS 10c)
operating at 1064 nm wavelength with a pulse width of 7 ns and 10 Hz repetition rate. The
beam has a radius of 3.5 mm and is reflected by a dichroic mirror and focused into a SMF-28
optical fiber. The focusing optics is a 10x objective (ThorLabs LMH) with 0.25 numerical
aperture, 20 mm effective focal length, designed to transmit high-power 1064 nm laser radi‐
ation and focus it to a diffraction-limited spot [20]. Thus, the spot radius on the fiber top is
estimated to be about 3.7μm. However, since the laser beam quality is low, having a M2 pa‐
rameter higher than 2 (a Gaussian beam has M2 = 1), the incident beam is expected to be fo‐
cused into a 7.5 μm spot radius (M2. wd).

Figure 13. (a) Schematic and (b) photograph of the setup used for nanosecond pulsed NIR laser micropatterning of
optical fibers.

Several operational parameters were considered. Besides changing the incident laser energy,
the number of superposing pulses changed and it was also tested moving the fiber towards
the focus after each pulse. Also tested was the impact of diminishing the spot size just at the
laser’s output, i.e. changing the depth of focus. This was accomplished with an iris dia‐
phragm which allowed changing the beam from its initial 3.5 mm radius to about 2mm.

5.2.2. Results and analysis

Analysing the resulting data, tests [20] proved that single pulse drilling isn’t effective in re‐
moving significant amount of material, especially when high depth is required. One laser
pulse can produce a perfect round hole at the fiber’ssurface but with a depth less than 1 μm.
However, increasing the number of superposing pulses lead effectively increased the hole’s
depth, while also increasing its diameter (Figure 14). As it can be seen, after about 8 pulses
there isn’t a significant change in the hole’s diameter. However, its depth keeps increasing.
More than 20 pulses damaged the fiber (cracks and breakage occurred).

The latter results were obtained with energy of 1.8 mJ and a 2 mm radius vignetted beam.
Contrary to what could be expected the beam’s size has low impact in the characteristics of
the hole: its diameter only varies between 25 μm and 31 μm, while the depth can be consid‐
ered constant. However, the quality of the holes changes, being better for lower beam sizes
as it can be seen in Figure 15 for the same energy and 10 laser pulses/hole. Also unexpected
was the fact that increasing the laser energy, for a determined number of superposed pulses,
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or moving the fiber after each pulse, did not significantly alter the results. This can be a clear
indication that some optical breakdown is the physical mechanism responsible by vaporis‐
ing the material since once delivered enough energy to reach the breakdown threshold any
further increase will not contribute for the process.

Figure 14. Measured hole’s diameter and depth for different number of laser pulses per hole. (2 mm radius vignetted
initial laser beam with 1.8 mJ incident energy).

Figure 15. Measured hole’s diameter and depth for different emitted laser beam diameter. Tests considered ten 1.8
ml laser pulses/hole.

These tests were made by irradiating the top of the fibers and the technique demonstrated
that it is possible to obtain not only cavities for FP fiber sensors but also that different pat‐
terns can be inscribed (Figure 16(a)). Using the same parameters, it is also possible to micro‐
structure the lateral side of the fiber. Figure 16, (b) and (c), shows the front and lateral views,
taken by a microscope, of two holes opened in the side of a SMF-28 optical fiber.

Future work will focus in using nanosecond NIR pulses micropatterningto produce fiber
sensors and also in studying and modelling the physical processes that rule the interaction
phenomena. One possible alternative to the production of SPR sensors, while maintaining
the same physical principle, is to replace the a posteriori metallization of the holes by direct
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that it is possible to obtain not only cavities for FP fiber sensors but also that different pat‐
terns can be inscribed (Figure 16(a)). Using the same parameters, it is also possible to micro‐
structure the lateral side of the fiber. Figure 16, (b) and (c), shows the front and lateral views,
taken by a microscope, of two holes opened in the side of a SMF-28 optical fiber.

Future work will focus in using nanosecond NIR pulses micropatterningto produce fiber
sensors and also in studying and modelling the physical processes that rule the interaction
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the same physical principle, is to replace the a posteriori metallization of the holes by direct
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formation of metallic nanoparticles simultaneously with the laser micropatterning of the fi‐
ber’s top. This would require a metallic ion-doped fiber top. Nevertheless, some successful
experiences were already made using NIR laser radiation, in the ns-pulse regime to obtain
gold and copper nanoparticles in glass substrates [55,56]. Also, opening apertures along the
fiber’s length can lead to the development of new optical fiber sensors either by exposing
the core or by giving access to inner hollow regions in photonic-crystal fibers.

Figure 16. Examples of (a) different patterns written on the optical fiber’s topand (b) front and (c) lateral views taken
with an optical microscope for an example of two holes opened on the lateral side of a Corning SMF-28 fiber.

6. Conclusions

Laser technology plays an important role in the development of fiber-based optical sensors
as its characteristics allow obtaining, in a controlled way, high quality features with good
repeatability. Although some techniques are already well established, there still are many
improvements and developments being researched. In particular, the use of IR radiation still
presents challenges to overcome and promising new sensors are expected to be developed
in a near future.

The use of MIR radiation in the writing of LPFG, namely through the use of CO2 laser sys‐
tems, has proven to be an efficient tool. However, detail research in the study of the physical
mechanisms involved in the process is still being done while its use to create new sensors is
a parallel activity in photonic fields. As an engineering tool, a set of analytical expression
were presented in this chapter which can give indications to the manufacturing process re‐
garding the required operational parameter to accomplish a determined LPFG.

Recent advances in fs-pulses UV and NIR laser technology were described. In particular, in‐
scribing FBG and LPFG is being researched, although some drawbacks are identified which
limits its application. Besides that, an innovative technique that uses ns-NIR laser radiation
to micropatterning optical fibers has been presented. These new results are challenging be‐
cause the irradiated silica-based fibers are mainly transparent to NIR radiation and therefore
the usual explanation based in direct heating by molecular or matrix vibrations induced by
the laser beam (as in the previous section) should not hold. This leads to the necessity of a
further in-depth analysis of the physical mechanisms involved. Nevertheless, the develop‐
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ment of this technique opens new opportunities in the design of new cavity-based optical
fiber sensors which are expected to appear in a near future.
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1. Introduction

Nowadays, to satisfy the increase of internet demands and requirement, two multiplexing
techniques are used: WDM (Wavelength Division Multiplex) and TDM (Time Division Mul‐
tiplex). WDM still more used than TDM. However, for practical system applications, such as
optical CDMA (Code Division Multiplex Access) and OTDM (Optical Time Division Multi‐
plex) systems, high speed optical communications require light sources with a repetition
rate control. In this area, pulsed fiber lasers have become very attractive.

Fiber lasers have a number of qualities which make them very attractive for ultra short
pulses generation via Q-switching, active or passive mode locking mechanisms. The gain
bandwidth of rare-earth-doped fibers is large, typically tens of nanometers, which allows
the generation of femtosecond pulses. The high gain efficiency of active fibers makes pos‐
sible such lasers to operate with fairly low pump powers and tolerate intra cavity optical
elements with relatively high optical losses. Fiber laser setups are very compact and can
be done with a low cost. Furthermore, mode locked fiber lasers can rely on telecom com‐
ponents.

2. Q-switching mechanism

Storing ions in a higher energy level can be achieved by limiting ions flow to the bottom lev‐
el. So, it’s necessary to prevent stimulated emission prevalence.

By means of light modulators able to generate high optical powers when transiting between
the off and on states, we prevent light propagate within the laser cavity. For a radiative tran‐
sition, the only possible drain to the bottom level is caused by spontaneous emission (see
Fig. 1). The E2 level population very significant, the cavity losses are suddenly reduced and

© 2013 Ennejah and Attia; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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the oscillation becomes possible. The stimulated emission becomes prevalent and the laser
starts emitting abruptly. All ions stored up go down emitting stimulated photons (see Fig.
2).
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Laser beam 

Active laser medium 

Optical 
modulator 

E2

E1

E0

Spontaneous 
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Figure 1. Q-switching first step.
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Stimulated emission 

Figure 2. Q-switching second step.

At a given time, there is no way for stimulated emission to happen and the cavity is emptied
by resulting losses of the output mirror (see Fig. 3).

The abrupt variation of the number of photons into the cavity results in emitting a high peak
power optical pulse. Generally, several journeys between the two mirrors are necessary to
completely depopulate the up-level and empty the cavity. So, the pulse width would be
higher than the time of a coming and going through the cavity. With lengths lower than one
meter, it is possible to generate nanosecond pulses. The repetition rate varies between few
hundreds of Hz and few hundreds of KHz.

The Q quality factor of a laser cavity describes its capacity to store the energy light in standing
waves. The factor Q is the ratio between the stored and the lost energies after each round trip

Current Developments in Optical Fiber Technology406

through the cavity. In fact a Q-switch device is an optical modulatorable to control the energy
losses of the cavity with generally a repetition rate varying between 1 and 100 KHz [1].

Cavity drain 

Active laser medium 

Optical 
modulator 

E2

E1

E0

Figure 3. Q-switching third step.

3. Mode locking mechanism

In a laser cavity, frequencies circulating into the resonator and having more gain than losses
are called longitudinal modes. They can be considered as an assembly of independent oscil‐
lators. These modes gain increases after each round trip through the cavity. These modes are
separated by ΔF = 1/TF = v/2L for a linear cavity case of Fabry Perrot cavity or v/L for a loop
cavity case of fiber laser.L is the cavity length and v is the light speed. When these modes
oscillate independently of each other, the laser emits continuously. Fig. 4 illustrates a laser
cavity output signal resulting on the propagation of three independent longitudinal modes.
However, when a fixed phase shift exists between the various modes, the cavity emits a
pulses train and becomes phase locked. Fig. 5 shows a mode locked laser cavity output sig‐
nal resulting on the propagation of three phase dependent longitudinal modes. In fact,the
mode locking technique consists in creating a certain phase relationship between the differ‐
ent modes oscillating into the cavity.

Figure 4. Output signal from laser operating without mode locking mechanism.

Mode Locked Fiber Lasers
http://dx.doi.org/10.5772/46191

407



the oscillation becomes possible. The stimulated emission becomes prevalent and the laser
starts emitting abruptly. All ions stored up go down emitting stimulated photons (see Fig.
2).

Output mirror Mirror 

Laser beam 

Active laser medium 

Optical 
modulator 

E2

E1

E0

Spontaneous 
emission Pump 

Figure 1. Q-switching first step.

High power pulse 

Active laser medium 

Optical 
modulator 

E2

E1

E0

Stimulated emission 

Figure 2. Q-switching second step.

At a given time, there is no way for stimulated emission to happen and the cavity is emptied
by resulting losses of the output mirror (see Fig. 3).

The abrupt variation of the number of photons into the cavity results in emitting a high peak
power optical pulse. Generally, several journeys between the two mirrors are necessary to
completely depopulate the up-level and empty the cavity. So, the pulse width would be
higher than the time of a coming and going through the cavity. With lengths lower than one
meter, it is possible to generate nanosecond pulses. The repetition rate varies between few
hundreds of Hz and few hundreds of KHz.

The Q quality factor of a laser cavity describes its capacity to store the energy light in standing
waves. The factor Q is the ratio between the stored and the lost energies after each round trip

Current Developments in Optical Fiber Technology406

through the cavity. In fact a Q-switch device is an optical modulatorable to control the energy
losses of the cavity with generally a repetition rate varying between 1 and 100 KHz [1].

Cavity drain 

Active laser medium 

Optical 
modulator 

E2

E1

E0

Figure 3. Q-switching third step.

3. Mode locking mechanism

In a laser cavity, frequencies circulating into the resonator and having more gain than losses
are called longitudinal modes. They can be considered as an assembly of independent oscil‐
lators. These modes gain increases after each round trip through the cavity. These modes are
separated by ΔF = 1/TF = v/2L for a linear cavity case of Fabry Perrot cavity or v/L for a loop
cavity case of fiber laser.L is the cavity length and v is the light speed. When these modes
oscillate independently of each other, the laser emits continuously. Fig. 4 illustrates a laser
cavity output signal resulting on the propagation of three independent longitudinal modes.
However, when a fixed phase shift exists between the various modes, the cavity emits a
pulses train and becomes phase locked. Fig. 5 shows a mode locked laser cavity output sig‐
nal resulting on the propagation of three phase dependent longitudinal modes. In fact,the
mode locking technique consists in creating a certain phase relationship between the differ‐
ent modes oscillating into the cavity.

Figure 4. Output signal from laser operating without mode locking mechanism.

Mode Locked Fiber Lasers
http://dx.doi.org/10.5772/46191

407



Figure 5. Mode locked laser output signal.

If we consider M=2S+1 optical modes with S an integer and Aqthe complex envelope of
mode q, the complex wave of the q mode and the total signal propagating into the cavity are
respectively:
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Fig. 6 shows the resulting output pulses sequence of a mode locked laser cavity allowing the
oscillation of M longitudinal modes. The mode locking mechanism allows having pulses
train with peak power M-times more significant than the average power.

4. Pulsed fiber laser

In case of fiber laser, the 100% reflective mirror is replaced by the optical fiber loop, the out‐
put mirror by an output coupler and the active laser medium by an optical amplifier such as
Erbium Doped Fiber Amplifier. Many sophisticated resonator setups have been used partic‐
ularly for mode-locked fiber lasers, generating picosecond or femtosecond pulses. A fiber la‐
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ser can contain an electro-optic modulator, an acousto-optic modulator or a saturable
absorber to actively or passively mode lock the different longitudinal modes oscillating in
the cavity.

Figure 6. Mode locked laser output I(t,z) [2].
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Figure 5. Mode locked laser output signal.
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Passively mode locked fiber lasers have the advantage of being entirely consisted of optical
components. They do not require external electrical components and the mode locking
mechanism in the cavity is carried out automatically [3-4-5]. However, these lasers can’t
reach high pulses repetition rates. In fact, the repetition rate of generated pulses depends
mainly on the cavity length [6-7]. The laser resonator may contain a saturable absorber such
as SESAM (Semiconductor Saturable Absorber Mirror) to passively mode lock the cavity
(see Fig. 8).
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WDM coupler 

Mirror 

Erbium Doped fiber 
amplifier 

Output 

Figure 8. Saturable Absorber passively mode locked fiber laser.

The effect of NLPR(Non Linear Polarization Rotation), as illustrated in Fig. 9, or a nonlinear
fiber loop mirror, as illustrated in Fig. 10, can be used as artificial saturable absorbers [8].

Figure 9. NLPR mechanism.

A nonlinear loop mirror is used in a “figure-of-eight laser”. A schematic diagram of the 8FL
(Eight Fiber Laser) is shown in Fig. 10. The 8FL overall design is that of a ring cavity with a
Sagnac interferometer with a gain medium placed asymmetrically in the loop. By addition
of pulses through the central coupler, the NALM (Non linear Amplifying Loop Mirror)
transmits highest intensities of pulse and reflects the lowest ones [9-10]. The nonlinear fiber
loop amplifies, shapes and stabilizes the circulating ultra short pulse [11]. With the P-APM
(Polarization-Additive Pulse Mode-Locking), the polarization state of a pulse propagating
through an optical fiber differs from the peak to the wings and the transmission through a

Current Developments in Optical Fiber Technology410

polarizer can be adjusted to eliminate the wings [12-13]. The SAs act as intensity dependent
elements. The wings of the pulse exhibit more losses than the peak [14].

Figure 10. Figure of eight fiber laser.

The PCs (Polarization Controllers) set the input signal in an arbitrary polarization state. The
azimuth and elliptical parameters define the polarization state of the output signal. Consid‐
ering Einx and Einyas the polarization components of the input signal, the output signal is:
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Where k is the power splitting ratio parameter and δyx(t) is the phase difference between the
x and y components. The optical isolator is inserted into the loop to allow light circulate on‐
ly in one direction. The major disadvantage of 8FL is that it requires a special management
of the various parameters of the cavity [15]. In the steady state, the various linear and non
linear effects are in balance and the pulse output power and width are unchanged or often
even nearly constant after each completed round trip. Assuming a single circulating pulse,
the pulse repetition rate corresponds to the resonator round-trip time.

In actively mode locked fiber lasers, as shown in Fig. 12, the pulses frequency depends on
the electro-optic or the acousto-optic modulator inserted in the cavity [16-17-18]. Generally,
these types of laser cavities provide typically pulses larger than those provided by a passive‐
ly locked laser. This can be explained by the fact that no compression techniques are applied
[19]. The most used optical modulator to actively mode lock the different modes oscillating
into a fiber laser cavity is the MZM (Mach Zehnder modulator). It’s an intensity modulator
based on an interferometer principle. It consists of two 3dB couplers which are connected by
two waveguides of equal length (see Fig. 11). By means of electro-optic effects, an externally
applied voltage can be used to vary the refractive indices in the waveguide branches. The
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Where k is the power splitting ratio parameter and δyx(t) is the phase difference between the
x and y components. The optical isolator is inserted into the loop to allow light circulate on‐
ly in one direction. The major disadvantage of 8FL is that it requires a special management
of the various parameters of the cavity [15]. In the steady state, the various linear and non
linear effects are in balance and the pulse output power and width are unchanged or often
even nearly constant after each completed round trip. Assuming a single circulating pulse,
the pulse repetition rate corresponds to the resonator round-trip time.

In actively mode locked fiber lasers, as shown in Fig. 12, the pulses frequency depends on
the electro-optic or the acousto-optic modulator inserted in the cavity [16-17-18]. Generally,
these types of laser cavities provide typically pulses larger than those provided by a passive‐
ly locked laser. This can be explained by the fact that no compression techniques are applied
[19]. The most used optical modulator to actively mode lock the different modes oscillating
into a fiber laser cavity is the MZM (Mach Zehnder modulator). It’s an intensity modulator
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different paths can lead to constructive and destructive interference at the output, depend‐
ing on the applied voltage. Then the output intensity can be modulated according to the
voltage. A Mach Zehnder Modulator has often only one optical exit, the second one is hid‐
den.

Figure 11. Mach Zehnder Modulator.
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Figure 12. Actively mode locked ring fiber laser.

Aiming to profit at the same of the two configurations advantages: a rather low width and a
sufficiently high repetition rate of pulses, new prospects and configurations of fiber lasers,
using both the passive and active mode locking techniques, have been proposed. This new
generation of pulses generator is called hybrid type mode locked fiber laser [20]. Fig. 13
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shows hybrid type mode locked fiber laser using both a machZehnder modulator to actively
mode lock the cavity and a non linear amplifying loop mirror to passively mode lock the
cavity.

Figure 13. Hybrid type mode locked 8FL.

Being 90% made of fiber; light propagation through a fiber laser can be modeled by the Split
Step Fourier Method.

5. Split step fourier method

Light propagation within optical fiber may be expressed by the Generalized Non Linear
Schrödinger Equation (GNLSE) as follow:
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β2 and β3 are the second and the third order dispersion terms, α is the attenuation coefficient
of the fiber, T is the related time given by T=t – z/vg where z and vg are the longitudinal coor‐
dinate and the group velocity corresponding to the central wavelength λ and γ is the nonlin‐
ear parameter of the fiber given by γ=2πn2/ λAeff. n2 is the non linear refractive index and Aeff

is the effective area of the fiber. When studying the propagation into an EDFA, the GNLSE
become:
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The gain of the Erbium Doped Fiber Amplifier (EDFA) can be estimated as G=exp(gl) where l
is the length of the doped fiber and g the gain coefficient.

The SSFM consists on transforming the GNLSE as the sum of linear and nonlinear operators:
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The SSFM relies on that propagation in each segment of the optical fiber is divided in three
steps: two linear and one non linearsteps (see Fig. 14). The nonlinear step is inserted be‐
tween the two linear steps [21-22].

Figure 14. Principle of Split Step Fourier Method SSFM.

So, linear and nonlinear effects are supposed to be applied in the whole segment of the fiber.
The linear operator is used in the frequency area and the non linear one is used in time area.
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FT is the Fourier transform.

6. Erbium doped fiber amplifier

The EDFA is based on a two-level Er3+ system assumption that is usually adapted to model
erbium-doped fiber amplifiers. The lifetime transition from level 4I11/2 is of the order of mi‐
croseconds for silicate hosts. Therefore, it is reasonable to neglect the population density N3

in the rate equations description. A two-level system approximation is used in this case. Un‐
der the assumption of the normalized population densities N1 and N2 at the ground and
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metastable energy level, 4I15/2and 4I13/2 populations are calculated by numerically solving the
rate and propagation equations [23]:

( ){ }

( ){ }

2 2
2

1

2 1

2 2

( , ) ( , )1 ( , ) ( , ) ( , )

1
( , )

( , ) ( , ) 2

N
e a a

n n n n n n
neff

e a a en
n n n n n n n n

N z t N z t
N z t P z t P z t

t A
N N

P z t
u N z t P z t N

z

s s s
t

r s s s a r n s

+ -

=

±
±

¶ é ù é ù= - G + - + -ê ú ë ûë û¶

+ =

¶ é ù= ´G + - - + ´D Gê úë û¶

å
(9)

Where the optical powers are expressed in units of number of photons per unit time, τ is the
metastable spontaneous emission lifetime, N is the number of channels taken into account in
the simulation (including signals, pumps, and ASE bins), ρ is the number density of the ac‐
tive erbium ions, α is the attenuation coefficient (which takes into account the background
loss of the fiber), Δν is the frequency step used in the simulation to resolve the ASE spec‐
trum, and Aeff is the effective doped area given by πb2, where b is the Er doping radius (it is
considered a uniform distribution of erbium ions in the area given by the Er doping radius
region). The nth channel of wavelength λn has optical power Pn(z,t) at location z and time t,
with emission and absorption cross-section σn

e and σn
a respectively, and confinement factor

Γn. The superscript symbols + and – are used respectively to indicate channels travelling in
forward (from 0 to LEDFA) and backward (from LEDFA to 0) directions. For beams travelling in
the forward direction un=1 and for beams in the opposite direction un=-1. The overlap inte‐
grals Γn between the LP01 mode intensity distributions doped region areas are given by:
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7. Interaction between mode locking mechanism and non linear effects in
fiber laser

Normally, when designing extremely high output average and peak power fiber laser gener‐
ating ultra short pulses, the best solution that can be adopted is to enhance the non linear
effects in the cavity. This can be achieved either by pumping the piece of doped fiber ampli‐
fier with a high input power rate or enhancing the SPM, XPM and FWM effects by reducing
the average dispersion of the cavity and the effective area of the different fibers used. In this
section, managing the pumping input powers level, the dispersion and the effective area of
different microstructured optical fibers inserted into a passively and an hybrid type mode
locked 8FLs, we prove that enhancing non linear effects does not lead necessarily to better
results. It depends also on the type of mode locking mechanism used. The highest peak
powers and the narrowest pulse widths are obtained only for specific parameters.
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The SSFM relies on that propagation in each segment of the optical fiber is divided in three
steps: two linear and one non linearsteps (see Fig. 14). The nonlinear step is inserted be‐
tween the two linear steps [21-22].

Figure 14. Principle of Split Step Fourier Method SSFM.
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FT is the Fourier transform.

6. Erbium doped fiber amplifier

The EDFA is based on a two-level Er3+ system assumption that is usually adapted to model
erbium-doped fiber amplifiers. The lifetime transition from level 4I11/2 is of the order of mi‐
croseconds for silicate hosts. Therefore, it is reasonable to neglect the population density N3

in the rate equations description. A two-level system approximation is used in this case. Un‐
der the assumption of the normalized population densities N1 and N2 at the ground and
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metastable energy level, 4I15/2and 4I13/2 populations are calculated by numerically solving the
rate and propagation equations [23]:
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Where the optical powers are expressed in units of number of photons per unit time, τ is the
metastable spontaneous emission lifetime, N is the number of channels taken into account in
the simulation (including signals, pumps, and ASE bins), ρ is the number density of the ac‐
tive erbium ions, α is the attenuation coefficient (which takes into account the background
loss of the fiber), Δν is the frequency step used in the simulation to resolve the ASE spec‐
trum, and Aeff is the effective doped area given by πb2, where b is the Er doping radius (it is
considered a uniform distribution of erbium ions in the area given by the Er doping radius
region). The nth channel of wavelength λn has optical power Pn(z,t) at location z and time t,
with emission and absorption cross-section σn
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a respectively, and confinement factor

Γn. The superscript symbols + and – are used respectively to indicate channels travelling in
forward (from 0 to LEDFA) and backward (from LEDFA to 0) directions. For beams travelling in
the forward direction un=1 and for beams in the opposite direction un=-1. The overlap inte‐
grals Γn between the LP01 mode intensity distributions doped region areas are given by:
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7. Interaction between mode locking mechanism and non linear effects in
fiber laser

Normally, when designing extremely high output average and peak power fiber laser gener‐
ating ultra short pulses, the best solution that can be adopted is to enhance the non linear
effects in the cavity. This can be achieved either by pumping the piece of doped fiber ampli‐
fier with a high input power rate or enhancing the SPM, XPM and FWM effects by reducing
the average dispersion of the cavity and the effective area of the different fibers used. In this
section, managing the pumping input powers level, the dispersion and the effective area of
different microstructured optical fibers inserted into a passively and an hybrid type mode
locked 8FLs, we prove that enhancing non linear effects does not lead necessarily to better
results. It depends also on the type of mode locking mechanism used. The highest peak
powers and the narrowest pulse widths are obtained only for specific parameters.
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In spite of their singularities and particularities in managing linear and non linear effects, the
exploitation of MOFs in laser cavities has remained a subject of research bit addressed. In fact,
MOFs offer many degrees of freedom in the management of dispersion and effective area

A schematic diagram of the first passively mode locked 8FL is shown in Fig.15. It consists of
two loops: a ring cavity and a non linear amplifying loop mirror NALM connected to each
other through a 50% central coupler. The linear cavity is made up of 10m of PDF (Positively
Dispersive Fiber: β2=20ps2/km) having 85μm2 as effective area and aiming to maintain balance
between anomalous and normal dispersion within the 8FL, a 10% output coupler and a po‐
larization insensitive optical isolator to ensure the circulation of light only on the clockwise
direction. The NALM includes a MOF (Microstructured Optical Fiber) and a 10m EDFA
(Erbium Doped Fiber Amplifier) having 0.24 as numerical aperture forward and backward
pumped by two 980nm pump laser diodes coupled to the loop through two 980/1550nm
WDM couplers. The Er3+ ions density is 700ppm.

Figure 15. Configuration of passively mode locked 8FL.

The second configuration, shown in Fig.16, is a hybrid type mode locked 8FL. It differs from
the first one by the presence of a MZM (Mach Zehnder Modulator) as an electro-optical
modulator into the linear ring cavity.

Figure 16. Configuration of hybrid type mode locked 8FL.
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By modelling the light propagation through the various components by the SSFM (Split Step
Fourier Method), we studied the influence of varying nonlinear parameters of the cavity on
the output pulses shape. Light pulse propagation in the 8FL may be expressed by the
NLGSE (Non Linear Generalised Schrödinger Equation) and the transfer function of the dif‐
ferent components used [12]. The central coupler is a cross-coupler for combining or split‐
ting the optical signal. It is bidirectional, with wavelength independent coupling, insertion
loss and return loss. If we consider Ein, Eout, E3 and E4 respectively the input, transmitted,
NALM clockwise and counter clockwise circulating light powers, after propagating into an
L length loop made of EDFA and MOF, considering only the non linear effects, E3L and E4L

are expressed as follow:
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Where k is the power splitting ratio parameter, G is the EDFA gain, λ is the signal wave‐
length and Aeffis the MOF effective area. For each round trip through the fiber laser, the
transmitted power circulating into the ring linear cavity is:
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A single secant hyperbolic input pulse with 1mW of peak power and 200ps FWHM (Full
Width at Half Maximum) is launched in the first configuration through the WDM coupler.
At the beginning, we studied the output pulses shape for different EDFA pumping power
levels and differ4ent MOF effective area’s values. The pumping threshold is about 300mW.
In fact, as illustrated in Fig.17 and Fig.18 below, when increasing the pump power of the
EDFA, the pulses peak power increases whereas the width decreases. However for very
small effective areas like 5μm2 and 10μm2, the pulse width reaches a minimum value at a
specified pump power level before growing up proportionally to the laser diodes pump
powers. In these cases the lowest values of the pulse width are reached respectively for
400mW and 700mW of pump powers.

A second approach to study the non linear effects impact in a fiber laser cavity is to use lon‐
ger portion of the non linear optical fiber used. Fig.19 and Fig.20 show the output pulses
peak power and width for different lengths and effective areas of MOF. The pump power
delivered by each laser diode is equal to 700mW.

As shown in Fig.19 and Fig.20, enhancing dramatically the non linear effects, by increasing
the MOF length and decreasing its effective area, does not lead necessarily to optimal re‐
sults. In fact, for each length of one selected fiber there are two optimal effective areas. The
first corresponds to the one leading to the highest peak power and the second corresponds
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A single secant hyperbolic input pulse with 1mW of peak power and 200ps FWHM (Full
Width at Half Maximum) is launched in the first configuration through the WDM coupler.
At the beginning, we studied the output pulses shape for different EDFA pumping power
levels and differ4ent MOF effective area’s values. The pumping threshold is about 300mW.
In fact, as illustrated in Fig.17 and Fig.18 below, when increasing the pump power of the
EDFA, the pulses peak power increases whereas the width decreases. However for very
small effective areas like 5μm2 and 10μm2, the pulse width reaches a minimum value at a
specified pump power level before growing up proportionally to the laser diodes pump
powers. In these cases the lowest values of the pulse width are reached respectively for
400mW and 700mW of pump powers.

A second approach to study the non linear effects impact in a fiber laser cavity is to use lon‐
ger portion of the non linear optical fiber used. Fig.19 and Fig.20 show the output pulses
peak power and width for different lengths and effective areas of MOF. The pump power
delivered by each laser diode is equal to 700mW.

As shown in Fig.19 and Fig.20, enhancing dramatically the non linear effects, by increasing
the MOF length and decreasing its effective area, does not lead necessarily to optimal re‐
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first corresponds to the one leading to the highest peak power and the second corresponds
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to the one leading to the lowest pulse width and conversely. However, there is always an
intermediate value of the effective area leading to a high peak and a low pulse width. For
10m of MOF, the intermediate effective area is 7.5μm2. The peak power is equal to 16W and
the pulse width to 39.7ps. However, the highest peak power 18.25W and the lowest pulse
width 39ps are obtained respectively for 5μm2 and 10μm2 effective areas. For 20m of MOF,
the intermediate effective area is 15μm2. The peak power is equal to 17.25W and the pulse
width to 38.5ps. However, the highest peak power 20W and the lowest pulse width 37.5ps
are obtained respectively for 10μm2and 17.5μm2effective areas. For 30m of MOF, the ade‐
quate effective area is 15μm2.

Thus, by reducing the mean dispersion of the cavity with an appropriate choice of the MOF
optimal length and effective area, generated ultra short pulses would have the highest peak
power and the lowest width.

Unlike the passively mode locked 8FL carried out above, in case of hybrid type 8FL shown
in Fig.16, no input pulse is inserted in the cavity to release the cavity oscillation. The first
handling aimed to study the average pulses output power fluctuation according to the
pump powers of the two lasers diode for different MOF’s effective areas. The MOF length
and dispersion are respectively 30m and -10ps2/km. The PDF length and dispersion are re‐
spectively 10m and 20ps2/km with an effective area of 85μm2. The electrical signal frequency
injected into the MZM is 20GHz. As shown in Fig.23, more the effective area is small and the
pumping powers are high more the mean power of output signal is high. So, by increasing
non linear effects, we increase the output pulses power.
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Figure 17. Peak power vs launched pump powers (LMOF=10m, β2MOF=-10ps2/km).
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Figure 18. Width vs launched pump powers (LMOF=10m, β2MOF=-10ps2/km).
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Figure 20. Width vs MOF’s effective area and length.

About pulses shape depending on group velocity dispersion, Fig.21 and Fig.22 show that
the best results correspond to MOF having negative chromatic dispersions.
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Figure 21. Peak power vs MOF chromatic dispersion.
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Figure 22. Width vs MOF chromatic dispersion.
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About pulses shape depending on group velocity dispersion, Fig.21 and Fig.22 show that
the best results correspond to MOF having negative chromatic dispersions.
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Figure 23. Mean power vs launched pump powers.
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The repetition rate and the width of output pulses are fixed by the electro-optical modulator
characteristics.

The repetition rate of pulses depends directly on the frequency of the electrical signal inject‐
ed into the MZM. Fig.24 illustrates the variation of the width of output pulses according to
the electrical signal frequency.
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Figure 24. Width vs Repetition rate.

Fig.25 shows hybrid type output pulses with a repetition rate of 20GHz.The second han‐
dling aimed to study the average pulses output power fluctuation from a hybrid type 8FL
according to non linear effects by varying the length and the effective area of the MOF.

Curves shown in Fig.26 illustrate that more the MOF is long and its effective area is small
more the exit power of the laser is significant. However, a significant increase of the MOF
length and the effective area leads to a fast power fall. We can also notice that for all differ‐
ent MOF’s lengths there is a particular value of the effective area leading always to the same
result. In this case, it corresponds to 12μm2.At the end, we studied the hybrid type 8FL be‐
haviour when decreasing the average chromatic dispersion of the cavity. Contrary to pas‐
sively mode locked 8FL, the maximum values of exit power, for a hybrid type 8FL, are
reached for normal dispersion of the MOF β2MOF>0 (see Fig.27).
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Figure 25. GHz hybrid type 8FL output pulses.
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Fig.25 shows hybrid type output pulses with a repetition rate of 20GHz.The second han‐
dling aimed to study the average pulses output power fluctuation from a hybrid type 8FL
according to non linear effects by varying the length and the effective area of the MOF.

Curves shown in Fig.26 illustrate that more the MOF is long and its effective area is small
more the exit power of the laser is significant. However, a significant increase of the MOF
length and the effective area leads to a fast power fall. We can also notice that for all differ‐
ent MOF’s lengths there is a particular value of the effective area leading always to the same
result. In this case, it corresponds to 12μm2.At the end, we studied the hybrid type 8FL be‐
haviour when decreasing the average chromatic dispersion of the cavity. Contrary to pas‐
sively mode locked 8FL, the maximum values of exit power, for a hybrid type 8FL, are
reached for normal dispersion of the MOF β2MOF>0 (see Fig.27).
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Thus, increasing the average exit power of hybrid type 8FL, operating at any pulses repeti‐
tion rate, can be reached by choosing a rather long MOF having small effective area and nor‐
mal dispersion.
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Figure 27. Mean power vs MOF chromatic dispersion.

8. Conclusion

We summarized different techniques used to generate ultra short pulses from a fiber laser.
Using the Split Step Fourier Method algorithm to model light propagation within a loop
cavity, we described some operating process of different kind of mode locked fiber lasers.
We also focused on some optical components operating process used in fiber laser to pas‐
sively or actively mode lock the different modes oscillating within a laser cavity. In addition,
we focused on Erbium Doped Fiber Amplifier operating process. We highlighted the im‐
provement of fiber laser performances does not depend only on the management of the non
linear parameters of the cavity. In fact, it depends tightly on the mode locking mechanism
used. A passively mode locked 8FL and a hybrid type 8FL do not respond the same way to
non linear effects increase. In fact, in case of passively mode locked 8FL, for each length of
the high non linear fiber, correspond two associated optimal effective areas: one leading to
the highest peak power and one leading to the lowest pulse width. Whereas, increasing the
non linear effects by using a rather long high non linear fiber having a reduced effective area
leads to the best output results in case of hybrid type 8FL. Moreover, contrarily to hybrid
type 8FL, reducing the average dispersion of the cavity leads necessarily to better output
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passively mode locked 8FL pulses shape. In fact, this work aims to illustrate the existing in‐
teraction between non linear effects and mode locking mechanism in fiber laser.
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Thus, increasing the average exit power of hybrid type 8FL, operating at any pulses repeti‐
tion rate, can be reached by choosing a rather long MOF having small effective area and nor‐
mal dispersion.
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8. Conclusion

We summarized different techniques used to generate ultra short pulses from a fiber laser.
Using the Split Step Fourier Method algorithm to model light propagation within a loop
cavity, we described some operating process of different kind of mode locked fiber lasers.
We also focused on some optical components operating process used in fiber laser to pas‐
sively or actively mode lock the different modes oscillating within a laser cavity. In addition,
we focused on Erbium Doped Fiber Amplifier operating process. We highlighted the im‐
provement of fiber laser performances does not depend only on the management of the non
linear parameters of the cavity. In fact, it depends tightly on the mode locking mechanism
used. A passively mode locked 8FL and a hybrid type 8FL do not respond the same way to
non linear effects increase. In fact, in case of passively mode locked 8FL, for each length of
the high non linear fiber, correspond two associated optimal effective areas: one leading to
the highest peak power and one leading to the lowest pulse width. Whereas, increasing the
non linear effects by using a rather long high non linear fiber having a reduced effective area
leads to the best output results in case of hybrid type 8FL. Moreover, contrarily to hybrid
type 8FL, reducing the average dispersion of the cavity leads necessarily to better output
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1. Introduction

Dual wavelength fiber lasers (DWFL) research has increased considerably in recent years
due to the potential applications of these optical devices in diverse investigation areas. Inter‐
est of use of DWFL includes areas such as fiber sensors, wavelength division multiplexing,
optical communications systems, optical instrumentation and recently in microwaves gener‐
ation [1-4], among others.

DWFL are considered profitable optical sources because of their advantages such as low
cost,  easy and affordable optical  structures,  low losses insertion and space optimization.
Principal  issue  to  generate  two simultaneous  laser  lines  resides  in  the  cavity  losses  ad‐
justment.  In DWFL designed with Erbium-doped fiber (EDF) as a gain medium there is
a  strong competition  between the  generated  laser  lines  due  to  the  EDF’s  homogeneous
gain  medium  behavior  at  room  temperature.  To  reduce  the  competition  between  the
wavelengths, several techniques have been reported aiming to achieve stable multi-wave‐
length laser oscillations [5-8].

Moreover, fiber Bragg gratings (FBG) have been extensively used in DWFL cavities design
due to their advantages as optical devices including easy manufacture, fiber compatibility,
low cost and wavelength selection among others. FBG’s wavelength selection property is
commonly used as a narrow band reflector inside the laser cavity to generate a laser line at a
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specific wavelength. Several DWFL experimental setups using FBG’s have been reported in‐
cluding use of a FBG written in a high birefringence or in a multimode fiber [6-11].

In a large majority of DWFL using EDF and FBG’s, the laser cavity losses correspond to
different  generated  laser  lines  at  a  specific  wavelength  position  over  the  gain  medium
spectrum. The generated wavelength should be balanced to achieve two simultaneous la‐
ser lines. Consequently, both oscillation lines have the same pump threshold. Commonly
the wavelengths adjustment is realized through arbitrary methods as use of polarization
controllers (PC) and variable optical attenuators (VOA) [7,  12,  13].  With the progress on
DWFL research studies have been followed two different pathways in order to enhance
stability  of  the  simultaneously  generated  laser  lines  by  improving  the  cavity  losses  ad‐
justment methods.

On the one hand, the research focuses on incorporating of cutting-edge devices in an ef‐
fort to obtain more stable and efficient dual laser emissions. In such a way that these re‐
searching  works  reports  the  use  of  newly  developed  optical  fibers  such  as  photonic
crystal  fibers,  leading  to  use  optical  devices  that  allow  the  exploit  of  nonlinear  optics
[14-16]. Most of the reported works on this area tend to have more complex designs and
non-straightforward settings. By the other hand, a second pathway is in function of sim‐
plicity and optimization of laser cavity length, taking into account that a reduced cavity
length implies  a  decrease of  laser  modes within the cavity,  allowing,  in  a  first  instance
analysis, a dual laser emission with lower instability, a simple adjustment of the compe‐
tition between laser  lines with a substantial  reduction of  implementation space that  can
improve the results repeatability [17, 18].

In  recent  years,  obtaining  of  dual-wavelength  laser  emission  does  not  represent  an  ad‐
vance by itself in DWFL progress because the increasing need to analyze the behavior of
the  competition  between  the  generated  laser  lines  obtained  by  the  cavity  losses  adjust‐
ment  methods.  Using arbitrary  methods like  adjustment  by polarization controllers  and
variable  optical  attenuators  do  not  allow  a  behavioral  analysis  of  the  competition  be‐
tween generated wavelengths because these methods do not have a measurable physical
variable to characterize the adjustment and difficultly can provide repeatability in results.

The spectral selectivity of the interferometer is caused by birefringence that has to be in‐
troduced to the loop. A lot of effort has been made to suggest and investigate a variety
of  FOLM  designs.  Ma  et  al.  [20]  demonstrated  polarization  independence  of  the  Hi-Bi
FOLM. Liu et al. [21] reported a study of an optical filter consisting of two concatenated
Hi-Bi FOLMs. Lim et  al.  [22] analyzed the behavior of  an FOLM with a fiber loop con‐
sisting of two Hi-Bi fibers connected in series. The transmittance spectrum of the FOLM
presents  a  periodic  behavior  with  maxima  and  minima  depending  on  the  Hi-Bi  fiber
length  and birefringence.  For  dual-wavelength  lasers,  low contrast  offers  the  advantage
of  smoother  cavity  loss  adjustment  for  the  generated  wavelengths  where  the  principal
mechanism of the adjustment of the cavity loss is  the shift  of the wavelength of the re‐
flection  maxima  of  the  FOLM.  The  wavelength  shift  is  achieved  by  the  change  of  the
temperature  of  the  Hi-Bi  fiber.  This  method allows generating  two wavelengths  with  a
well-controlled ratio between their powers [19].
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Moreover, the tuning of the laser generated wavelengths promises to be an advantage for
DWFL microwave generation application making it possible through the tuning of separa‐
tion between wavelengths. A simple method of wavelength tuning is related to the Bragg
period modification of a FBG. Wavelength tunable DWFL were reported [16-19]. In most
configurations the FBG’s are used with Bragg wavelength shift by temperature change [23],
compression or stretch [18, 24]. Most of the techniques reported before as a matter of fact
realize an adjustment of the losses between the two wavelengths to achieve stable dual-
wavelength generation. In spite of the numerous papers reporting dual-wavelength genera‐
tion, to the best of our knowledge no investigations were reported on the relation between
the losses for generated wavelengths that enables simultaneous dual-wavelength genera‐
tion.

M. A. Mirza [25] in 2008 presented the theoretical and experimental analysis of the design of
a Sagnac loop filter (SLF) with periodic output spectrum controlled by cascading a small bi‐
refringence loop (SBL) with a high birefringence loop (HBL) with a tuning of the amplitude
and wavelength of the spectrum of the filter through mechanical rotation. In this work is
mentioned that the proposed design may have potential application in the design of Erbi‐
um-doped fiber lasers for multiple wavelengths generation in the C band and also can be
used as a tuning tool for competition between the generated laser lines.

H. B. Sun [26] published in 2010 a DWFL with wide tuning based on a Hi-Bi FOLM and the
use of polarization controllers inside the loop for adjustment of the loss within the ring cavi‐
ty proposed. The laser wavelength can be tuned flexibly within the range of 1525 nm to 1575
nm by adjusting the polarization controller. The separation between the two generated
wavelengths is adjustable by changing the length of the Hi-Bi fiber of the FOLM loop. Also
proves the modes stability of the two laser lines at room temperature with a variation of the
peak output power of about 0.5 dB over 40 minutes of operation.

K. J. Zhou [27] in 2012 reported the use of an all-PM Sagnac loop periodic filter as a frequen‐
cy selector in a Erbium-doped fiber ring laser. The laser with a 1 nm interval filter generates
four simultaneous and stable wavelengths with equal frequency spacing to overcome the
homogeneous broadening of Erbium-doped fiber as a gain medium at room temperature.
Polarizer controllers are used inside the ring cavity to adjust the laser lines emissions. The
experiment confirm that this kind of filter should be robust to environmental changes.

This chapter proposes the application of a Sagnac fiber optical loop mirror with a high-bire‐
fringence fiber on the loop (Hi-Bi FOLM) used as a spectral filter to adjust finely the laser
cavity losses, reducing the competition between generated laser wavelengths by tempera‐
ture variations on the FOLM fiber loop. This control allows characterizing the competition
behavior with temperature variations to achieve a better adjustment to obtain dual-wave‐
length laser emission. The appropriate choice of the angles of both ends of the Hi-Bi fiber
allows a reflection minimum between 0 and 0.9 without substantial wavelength shift. The
reflection maximum is always equal to 1 [19].

In this chapter the application of an all-fiber Hi-Bi FOLM to balance the losses within a dual-
wavelength fiber laser is presented. An analysis of the losses is performed by charactering
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tion.
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behavior with temperature variations to achieve a better adjustment to obtain dual-wave‐
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reflection maximum is always equal to 1 [19].

In this chapter the application of an all-fiber Hi-Bi FOLM to balance the losses within a dual-
wavelength fiber laser is presented. An analysis of the losses is performed by charactering
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the FBG’s reflections over the transmission spectrum of the FOLM when the laser wave‐
lengths are generated, allowing the study of the fine adjustment of the FOLM transmission
spectrum wavelength shift by temperature variation in the Hi-Bi fiber loop of the FOLM
necessary to achieve dual-wavelength laser emission.

2. Numerical analysis of Sagnac Hi-Bi FOLM for dual-wavelength laser
application

Numerically analysis for variation of the transmission spectrum of a Hi-Bi FOLM with the
twist of the fiber in the loop can be an important tool for dual-wavelength fiber lasers de‐
sign. The Hi-Bi FOLM shown in Figure 1 consists of a fiber coupler with a coupling ratio of
α / 1−α, which is assumed to be independent of wavelength. The output ports (3 and 4) are
fusion spliced to a Hi-Bi fiber with arbitrary angles between the axes of the Hi-Bi fiber and
the axes of the coupler ports. The segments where the Hi-Bi fiber is spliced to the coupler
ports are placed on rotation stages. The Hi-Bi fiber is placed on a thermoelectric cooler to
shift the wavelength dependence of the filter transmission. A light beam with electric field
Ei enters through port 1; the transmitted beam with electric field ET  exits from port 2.

Figure 1. High birefringence fiber optical loop mirror

To calculate the transmission of the FOLM, we used the approach developed by Mortimore
[28]. For a single input field Ei, a transmitted field ET  is given by:
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where the J  matrix is calculated as the product of matrices corresponding to all elements in
the loop:
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1 1 2 2 3 ,J U C U C U= × × × × (2)

where matrices U1 and U3 represent the coupler ports; the matrices C1 and C2 represent the
coordinate rotation accounting for the angles between the axes of the Hi-Bi fiber and those
of the coupler ports at the splices; finally, the matrix U2 represents the Hi-Bi fiber. The anal‐
ysis of the matrices that form the Jones matrix for the Hi-Bi FOLM is presented in detail in
reference [19], where matrices U1, U2 and U3 take into account linear birefringence of the
fibers and the circular birefringence caused by the fiber twist angle. Matrices C1 and C2

transform the Jones vectors from the Cartesian system related with the axes of the port to
that related with the axes of the Hi-Bi fiber.

Transmission spectrum of the Hi-Bi FOLM is a periodic function whose period is given by
the following expression:

2
,
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llD =
×
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where B is the fiber loop birefringence, L the fiber loop length and λ the wavelength.

The values of the transmission minima are defined by the coupling ratio and are equal to,
the transmission maxima however depends on the rotation of the rotational stages and can
be adjusted in the range between (2α −1)2 and 1 [29]. The adjustment of the values of the
transmission maxima can be useful in particularly for dual wavelength laser application.
However the rotation of the rotational stages also moves the wavelengths of the maxima
and minima.

The numerical simulation for calculated transmission spectrum was performed. The coupler
ports with a length of 0.5-m and a beat length of 6 m was used. The length of the Hi-Bi fiber
is equal to 28 cm with a beat length of 3.6×10−3 m. The angles θ1 = 0.5π and θ2 = 0.3π were
taken arbitrarily. To obtain the transmission maximum equal to 1 the angles ϕ1 and ϕ2 were
adjusted with ϕ2 = −0.8π. Figure 2 shows transmission spectra for angle φ1 variations in the
range between 0 and 1.087π. Transmission maximum depends on the period ϕ1 =1.087π.
Here we can see than the adjustment of the transmission maximum by angle ϕ1 variations
also causes a wavelength shift of the transmission spectra that depends on the birefringence
of the coupler ports.

Figure 3 shows the wavelength as the angle ϕ1 is varied for different beat lengths of the cou‐
pler ports with the same simulation parameters. In a range of the angle ϕ1 approximately
between 0.2π and 0.8π the wavelength shift is less than 1 nm. The wavelength shift is more
pronounced for larger birefringence of the coupler ports.
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Figure 2. FOLM transmission spectra as a function of angle ф1 with fixed ф2.

The Hi-Bi FOLM transmission spectra amplitude adjustment causes a shift of the maximum/
minimum in the reflection spectrum that is undesirable for dual-wavelength laser applica‐
tions. However, the appropriate choice of the angles of both ends of the Hi-Bi fiber allows a
reflection minimum between 0 and 0.9 without substantial wavelength shift. The twist of the
fiber offers a simple way to change the ratio between the reflection maximum and minimum
that provides a useful and simple method for the FOLM contrast adjustment.

3. Sagnac Hi-Bi FOLM charactization for dual-wavelength laser
application

For the experimental investigation we introduce the basic experimental setup used. The all-
fiber Fabry-Perot cavity laser is limited at one end by two Bragg gratings and at the opposite
end by a Hi-Bi FOLM. Figure 4 shows the configuration where the laser gain medium is EDF
with a length of 10-m. The two FBGs at one end of the cavity have 55.4% of maximum reflec‐
tion at 1547.94 nm and 1546.96 nm to 59.75% respectively. The optical attenuator (OA) is
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achieved through the introduction of bend loss between the FBG’s in a fiber section wound‐
ed approximately 6 turns in a circular piece with a 5-cm diameter. The adjustment of the
turns was experimentally obtained at a point where both wavelengths (corresponding to
FBG1 and FBG2 maxima) compete for the gain of the active medium. With this method we
are roughly adjusting the losses within the cavity. The fine cavity loss adjustment is ach‐
ieved by the FOLM formed by a 3dB optical coupler (Coupler 2) with the output ports inter‐
connected through a high birefringence fiber with 28-cm length.

Figure 3. Dependence of the wavelength shift of the transmission maximum on the angle ф1 for different beat lengths Lb.

The EDF is pumped by a 50-mW laser diode at 980-nm through a 980/1550 wavelength divi‐
sion multiplexer (WDM). Coupler 1 is a 90/10 coupling ratio optical coupler used to measure
the 10% laser output at Output B, detecting only reflected wavelengths from FBG1 and
FBG2. The output signal is launched to a 0.2-nm resolution monochromator, detected by a
photodetector and monitored by an oscilloscope. Output A is used to measure the FOLM
transmission spectrum at low pump power (below the threshold). Both laser wavelengths
and ASE can be detected at this output.

The splices were placed into rotation stages to adjust the transmission of the FOLM. The Hi-
Bi fiber temperature is controlled by temperature controller with a precision of 0.1 °C for the
purpose of tuning the wavelength of the transmission spectra. The Hi-Bi fiber loop is placed
on a thermoelectric cooler (TEC) whose temperature can be adjusted in the range between
room temperature (about 25 °C) and 9 °C.

Measure of Hi-Bi FOLM transmission at temperatures in a range between 9 and 20°C was
performed. Figure 5 shows the Hi-Bi FOLM transmission for Hi-Bi fiber loop temperatures
of 9 and 11°C measured at Output A for low pump power. As it can be seen the transmis‐
sion curve is shifted towards longer wavelengths when the temperature is decreased how‐
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ever the period remains equal to 20.8-nm. The contrast adjustment by rotation angles twist is
near to the maximal contrast.

Figure 4. Experimental setup for the dual-wavelength fiber laser.

Figure 5. Hi-Bi FOLM transmission spectra wavelength shift by fiber loop temperature variation.

The wavelength dependence shift of the FOLM transmission on Hi-Bi fiber loop tempera‐
ture  is  shown on  Figure  6.  The  wavelength  shift  is  well  fitted  by  a  linear  dependence
with a slope of -1.71 nm/°C shown with dashed line, which yields a temperature period
equal to 13 °C.

Figure 7 shows output signal spectrum at the output A for the fiber Sagnac loop with a
pump power of 25-mW, which is below the threshold for generating laser amplification. The
measurement was performed with a temperature of 22.7 °C. Rotation angles adjustment is
close to a minimum FOLM spectra output with ϕ1 =40o (angle which we take as zero for ro‐

tation ϕ1, we rotate 180° in ϕ1 from this position of the rotator C1) and ϕ2 =120o reference to
the axis of laboratory table. With fixed ϕ2, rotation is performed in ϕ1 with a 15° step.
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Figure 6. Wavelength displacement for Hi-Bi fiber loop temperature variations.

Figure 7. Spectrum at the FOLM output for different angles ф1 with fixed ф2.
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The FOLM transmission presents periodic wavelength dependence with a period of 20.8
nm. It can be seen that the position of the maximum is shifted when the angle ϕ1 is changed.
The maximum is connected by a solid line in Figure 7. However, the period remains the
same.

Figure 8. Dependence of wavelength shift of the transmission maximum and minimum on the angle ф1 with ф2=55°.

Figure 8 shows the wavelength shift of the maximum and the minimum of transmission
due to the variation of the ϕ1 angle for an angle ϕ2 adjustment to 55°. The angle ϕ1 was
referred as 0 in the same manner as for Figure 7. The experimental dependences show a
behavior similar to that obtained in simulations in Figure 3. It can be seen that there ex‐
ists  a  range  of  the  angle  from  about  60°  to  180°  where  the  dependence  of  the  wave‐
length  shift  is  almost  flat  with  variations  of  less  than  0.5-nm (corresponding  to  only  a
few percent of the transmission period).

The FOLM is used to adjust the loss of the cavity for wavelengths λ1 and λ2 corresponding to
the FBG1 and FBG2 to obtain dual-wavelength operation. The application of the FOLM for
dual-wavelength lasers was reported for the first time in Ref. [30].

4. Dual-wavelength fiber laser cavity loss fine adjustment by Sagnac Hi-
Bi FOLM

Figure 8 presents the laser spectrum for different temperatures of the Hi-Bi fiber with the
experimental setup shown in Figure 4. Laser output is measured in Output B for a pump
power of 50-mW. The temperature of the Hi-Bi fiber was chosen to have a maximum of re‐
flection of the FOLM close to the wavelengths of maximal reflection of the FBG’s. Rotation
stages fiber twist is set near to the 70% of FOLM transmission spectrum amplitude contrast.
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A change of the temperature moves the maxima of FOLM transmission and so changes the
ratio between the reflections for λ1 and λ2.

Figure 9. Measured output laser spectra for different Hi-Bi FOLM fiber loop temperatures.

As can be seen at  the temperature of  12.0 °C two peaks are still  observed however the
amplitude of the peak with shorter wavelength is less than that of the peak with longer
wavelength.  At  the  temperature  of  12.1  °C  two peaks  with  equal  amplitudes  were  ob‐
served. The increase of temperature to 12.2 °C results in a lower amplitude of the peak
with  longer  wavelength.  Finally  for  the  temperature  shift  larger  than  0.2  °C  only  one
wavelength is generated by the laser, the shorter wavelength at 12.3 °C and for the lon‐
ger wavelength at 11.9 °C.

Here we show the usefulness of the adjustment of the values of the reflection maxima by
tuning the angles of the rotation stages. Figure 10a shows the laser transmission spectra ob‐
tained with the FOLM at high contrast between maxima and minima of reflection, while Fig‐
ure 10b shows the results obtained with low contrast with the change of contrast achieved
through a rotation of the rotational stages. In the results with lower contrast (Figure 10b) the
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dependence of the reflection on the temperature is slower, then, the range of temperatures
over which dual-wavelength generation is observed is larger than in Figure 10a, providing
higher tolerance with respect to the temperature stability. In figure 10a the FOLM spectrum
was adjusted to have the highest contrast between the reflection maximum and minimum
with ϕ1=120°. In figure 10b results, the FOLM spectrum was adjusted to have a low contrast
with ϕ1=30°.

Figure 10. Laser output spectra at different temperatures with different contrasts.

Current Developments in Optical Fiber Technology438

Figure 11 shows the measured power of the two laser lines for the same FOLM adjustment
as for Figures 10a and 10b for the maximal transmission amplitude point. Insets in the fig‐
ures show reflection of the FOLM used for each measurement. We can see that the tempera‐
ture tolerance of the dual-wavelength operation for the case shown in Figure 11b is much
higher than the temperature tolerance for the case shown in Fig. 11a.

Figure 11. Power at wavelengths λ1 and λ2. (a) Highest contrast between reflection maxima and minima, (b) low con‐
trast between reflection maxima and minima.

For dual-wavelength lasers, low contrast offers the advantage of smoother cavity loss ad‐
justment for the generated wavelengths where the principal mechanism of the adjustment of
the cavity loss is the shift of the wavelength of the reflection maxima of the FOLM. The
wavelength shift is achieved by the change of the temperature of the Hi-Bi fiber. This meth‐
od allows generating two wavelengths with a well-controlled ratio between their powers.
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5. Tunable dual-wavelength fiber laser with Sagnac Hi-Bi FOLM and a
polarization-maintaining FBG

Here, experimentally operation of a linear cavity dual-wavelength fiber laser using a polari‐
zation maintaining fiber Bragg grating (PM-FBG) is presented. PM-FBG is used as an end
mirror that defines two closely spaced laser emission lines and it is also used to tune the la‐
ser wavelengths. The total tuning range is around 8 nm. The laser operates in a stable dual-
wavelength mode for an appropriate adjustment of the cavity losses for the generated
wavelengths. The high birefringence (Hi-Bi) fiber optical loop mirror (FOLM) is used as a
tunable spectral filter to adjust the losses as can be seen before in topics 3 and 4 [31].

The experimental setup used is similar to in figure 4 and it can be seen in figure 12. The line‐
ar laser cavity is formed by the Hi-Bi FOLM analyzed before and a PM-FBG mounted in a
mechanical device allowing compression/stretch and a polarization controller (PC). The PM-
FBG spectrum presents two peaks with separation of 0.3-nm centered at 1549 nm. Both
peaks have 99.5% maximum reflection. The 90/10 coupler is used as the laser output (Output
A). The output radiation was launched to a monochromator with 0.1-nm of resolution, de‐
tected by a photodetector and monitored by an oscilloscope. Output B is used to monitor
FOLM transmission spectra.

Figure 12. Tunable dual-wavelength fiber laser with PM-FBG experimental setup.

The laser cavity is set to have the transmission minimum at approximately 1549 nm where
the PM-FBG reflection is centered by temperature variations of the Hi-Bi FOLM fiber loop.

Figure 13 shows the reflection spectrum of the PM-FBG and ASE at Output B for a pump
power near the laser threshold (around 25-mW) and a temperature of 24.5 °C. No strain is
applied to the PM-FBG then, PM-FBG reflection peak is centered at 1549 nm.

Figure 13a shows the FOLM transmission spectrum for a high contrast between minima and
maxima of reflection. Figure 13b shows the FOLM transmission spectrum for a low contrast
adjustment. The low contrast adjustment allows a smoother change of the FOLM reflection
with temperature such that this is the adjustment of contrast used in measurements of the
generation of laser lines.
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Figure 13. Measured Hi-Bi FOLM transmission spectra at Output B. (a) High contrast adjustment. (b) Low contrast ad‐
justment.

For dual-wavelength generated laser lines measurement, both laser lines at 1548.86 and
1549.18 nm are monitored at Output A. Adjust of PC allows to obtain stable dual wave‐
length generation. However the compression/stretch of the PM-FBG causes the loss of the
dual wavelength generation and further adjustment of the PC is required. The adjustment of
the PC however is not a straightforward procedure. An adjustment of the temperature of the
Hi-Bi fiber in the FOLM was performed then. Figure 14 shows the shift of the two wave‐
lengths for different values of compression/stretch applied to the PM-FBG. Micrometer
screw positions are shown in the graphics; negative values are assigned to the compression,
positive to the stretch.

The resolution of the monochromator was not sufficient to measure the bandwidth of lines.
To be sure that we have two well separated laser lines we monitored the output also with a
scanning Fabry–Perot.
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Figure 13. Measured Hi-Bi FOLM transmission spectra at Output B. (a) High contrast adjustment. (b) Low contrast ad‐
justment.

For dual-wavelength generated laser lines measurement, both laser lines at 1548.86 and
1549.18 nm are monitored at Output A. Adjust of PC allows to obtain stable dual wave‐
length generation. However the compression/stretch of the PM-FBG causes the loss of the
dual wavelength generation and further adjustment of the PC is required. The adjustment of
the PC however is not a straightforward procedure. An adjustment of the temperature of the
Hi-Bi fiber in the FOLM was performed then. Figure 14 shows the shift of the two wave‐
lengths for different values of compression/stretch applied to the PM-FBG. Micrometer
screw positions are shown in the graphics; negative values are assigned to the compression,
positive to the stretch.

The resolution of the monochromator was not sufficient to measure the bandwidth of lines.
To be sure that we have two well separated laser lines we monitored the output also with a
scanning Fabry–Perot.
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Figure 14. Fiber laser spectra at the compressed/stretched PM-FBG.

Figure 15. Output signal from the Fabry-Perot scanning with no strain applied to the PM-FBG.

Figure 15 shows the oscilloscope trace of the signal at the FP output with no strain applied
to the PM-FBG. As can be seen there are two well separated lines with separation of 0.34 nm.
The free space of FP shown in the inset is equal to 0.6 nm. The total power inside the cavity
is about 1-mW and was measured at the output A through a photodetector and an optical
power meter.

Axial compression or stretch was applied by using a micrometric screw mechanical system.
The maximum compression applied was 50 μm causing a maximum wavelength displace‐
ment of 5.5 nm. The corresponding wavelengths shift rate is about 1.1 nm/10 μm. The maxi‐
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mum stretch was 30 μm, causing a wavelength shift of about 2.58 nm, which corresponds to
a rate of 0.86 nm/10 μm. The total laser wavelength shift is 8.09 nm with average rate of 1
nm/10 μm approximately. For each compression/stretch of the PM-FBG we adjusted the
temperature of the Hi-Bi fiber to obtain dual-wavelength generation.

Figure 16 shows the temperature required for dual-wavelength generation. As one see the
dependence is well fitted linearly with a slope of –1.39 nm/°C so the adjustment procedure
is very simple and straightforward.

Figure 16. Required Hi-Bi FOLM temperature for dual-wavelength laser operation at stretched/compressed PM-FBG.

This method allows to estimate a reflection change for shorter and longer wavelengths of
the PM-FBG under compression/stretch. Figure 17 shows the FOLM minimum transmission
wavelength and the central wavelength of the dual line laser. If the wavelength of the FOLM
minimum transmission coincides with the central wavelength of the laser, the reflection of
the FOLM is equal for both wavelengths. We observe this for compression/stretch around 0.

To have dual wavelength generation under compression or stretch the minimum of the
FOLM transmission (corresponding to maximum reflection) has to be displaced to shorter
wavelength with respect to the central lasing wavelength, which means that the FOLM re‐
flection for the shorter wavelength line is slightly higher than the reflection for the longer
wavelength.

From this we can conclude that the reflection of the PM-FBG for shorter wavelength line be‐
came slightly smaller at compression/stretch than for the longer wavelength line.
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Figure 16. Required Hi-Bi FOLM temperature for dual-wavelength laser operation at stretched/compressed PM-FBG.

This method allows to estimate a reflection change for shorter and longer wavelengths of
the PM-FBG under compression/stretch. Figure 17 shows the FOLM minimum transmission
wavelength and the central wavelength of the dual line laser. If the wavelength of the FOLM
minimum transmission coincides with the central wavelength of the laser, the reflection of
the FOLM is equal for both wavelengths. We observe this for compression/stretch around 0.

To have dual wavelength generation under compression or stretch the minimum of the
FOLM transmission (corresponding to maximum reflection) has to be displaced to shorter
wavelength with respect to the central lasing wavelength, which means that the FOLM re‐
flection for the shorter wavelength line is slightly higher than the reflection for the longer
wavelength.

From this we can conclude that the reflection of the PM-FBG for shorter wavelength line be‐
came slightly smaller at compression/stretch than for the longer wavelength line.
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Figure 17. Wavelengths of the FOLM minimum transmission and lasing central wavelengths at the stretched/
compressed PM-FBG.

6. Conclusions

In the first part we present numerical and experimental analysis of a high birefringence fiber
optical loop mirror (Hi-Bi FOLM) to use in lasers with dual wavelength. The adjustment in
the amplitude spectrum because of the reflectivity was considered as a tool for the dual
wavelength laser stability. This is accomplished by adjusting the angles in one of the ports of
the FOLM where we in which we may have a minimum and maximum of reflectivity the
laser cavity. Also that we can select the best performing region in terms of period, amplitude
spectrum of the FOLM and by temperature we can shift the wavelength in the FOLM and
equalize the two wavelengths required to generate a laser with dual wavelength emission.

In the second part we propose to apply the FOLM to generate a laser with dual wavelength
emission. We propose and demonstrate experimentally a laser with dual wavelength and
stable, we can make the laser having laser emission at single or dual wavelength by adjust‐
ing the temperature in the loop FOLM and we demonstrate how to improve the stability of
the laser by adjusting the amplitude using the optical fiber twisters in the FOLM.

In the third part we explain the implementation of the FOLM to generate tunable dual
wavelength using a polarizer maintaining fiber Bragg grating (PM-FBG). We propose and
demonstrate experimentally a tunable wavelength laser. The tuning range was 8.06-nm; this
tuning was achieved by stretching and compressing the PM-FBG. For each tuning was only
necessary to adjust the temperature in the FOLM. As a result of this application of the
FOLM to generate a dual wavelength laser, we present two simple configurations that can
be used for future applications.
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Figure 17. Wavelengths of the FOLM minimum transmission and lasing central wavelengths at the stretched/
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6. Conclusions

In the first part we present numerical and experimental analysis of a high birefringence fiber
optical loop mirror (Hi-Bi FOLM) to use in lasers with dual wavelength. The adjustment in
the amplitude spectrum because of the reflectivity was considered as a tool for the dual
wavelength laser stability. This is accomplished by adjusting the angles in one of the ports of
the FOLM where we in which we may have a minimum and maximum of reflectivity the
laser cavity. Also that we can select the best performing region in terms of period, amplitude
spectrum of the FOLM and by temperature we can shift the wavelength in the FOLM and
equalize the two wavelengths required to generate a laser with dual wavelength emission.

In the second part we propose to apply the FOLM to generate a laser with dual wavelength
emission. We propose and demonstrate experimentally a laser with dual wavelength and
stable, we can make the laser having laser emission at single or dual wavelength by adjust‐
ing the temperature in the loop FOLM and we demonstrate how to improve the stability of
the laser by adjusting the amplitude using the optical fiber twisters in the FOLM.

In the third part we explain the implementation of the FOLM to generate tunable dual
wavelength using a polarizer maintaining fiber Bragg grating (PM-FBG). We propose and
demonstrate experimentally a tunable wavelength laser. The tuning range was 8.06-nm; this
tuning was achieved by stretching and compressing the PM-FBG. For each tuning was only
necessary to adjust the temperature in the FOLM. As a result of this application of the
FOLM to generate a dual wavelength laser, we present two simple configurations that can
be used for future applications.

Current Developments in Optical Fiber Technology444

Acknowledgements

This work is supported by CONACYT grant 151434.

Author details

Manuel Durán-Sánchez1, R. Iván Álvarez-Tamayo2, Evgeny A. Kuzin3,
Baldemar Ibarra-Escamilla3, Andrés González-García3 and Olivier Pottiez4

1 Mecatrónica, Universidad Tecnológica de Puebla (UTP), Puebla, México

2 Facultad de ciencias físico-matemáticas Benemérita Universidad, Autónoma de Puebla
(BUAP), Puebla, México

3 Departamento de Óptica, Instituto Nacional de Astrofísica, Óptica y Electrónica (INAOE),
Puebla, México

4 Departamento de Fibras Ópticas, Centro de Investigaciones, en Óptica (CIO), León, Gua‐
najuato, México

References

[1] Talaverano L., Abad S., Jarabo S., and Lopez-Amo M. Multiwavelength fiber laser
souces with Bragg-grating sensor multiplexing capability. J. Lightwave Technology
2001; 19(4) 553-558.

[2] Liu D., Ngo N. Q., Tjin S. C., and Dong X. A dual-wavelength fiber laser sensor sys‐
tem for measurement of temperature and strain. IEEE Photonics Technology Letters
2007; 19(5) 1148-1150.

[3] Mao Q., and Lit J. W. Y. Switchable multiwavelength Erbium-doped fiber laser with
cascaded fiber grating cavities. IEEE Photonics Technology Letters 2002; 14(5)
612-614.

[4] Zhang H., Liu B., Luo J., Sun J., Ma X., Jia C., Wang S. Photonic generation of micro‐
wave signal using a dual-wavelength single-longitudinal-mode distributed Bragg re‐
flector fiber laser. Optics Communications 2009; 282(20) 4114-4118.

[5] Liu Z., Liu Y., Du J., Yuan S., Dong X. Switchable triple-wavelength Erbium-doped
fiber laser using a single fiber Bragg grating in polarization-maintaining fiber. Optics
Communications 2007; 279 168-172.

Experimental Study of Fiber Laser Cavity Losses to Generate a Dual-Wavelength…
http://dx.doi.org/10.5772/54330

445



[6] Latif A. A., Ahmad H., Awang N. A., Zulkifli M. Z., Pua C. H., Ghani Z. A., Harun S.
W. Tunable high power fiber laser using AWG as the tuning element. Laser Physics
2011; 21(4) 712-717.

[7] Han. Y., Lee J. H. Switchable dual wavelength Erbium-doped fiber laser at room tem‐
perature. Microwave and Optical Technology Letters 2007; 49(6) 1433-1435.

[8] Ahmad H., Zulkifli M. Z., Norizan S. F., Latif A. A., Harun S. W. Controllable wave‐
length channels for multiwavelength Brillouin Bismuth/Erbium based fiber laser.
Progress in Electromagnetics Research Letters 2009; 9 9-18.

[9] Ahmad H., Sulkifli M. Z., Thambiratnam K., Latif A. A., Harun S. W. Switchable
semiconductor optical fiber laser incorporating AWG and broadband FBG with high
SMSR. Laser Physics Letters 2009; 6(7) 539-543.

[10] Feng S., Xu, O., Lu S., Mao X., Ning T., Jian S. Switchable dual-wavelength Erbium-
doped fiber-ring laser based on one polarization maintaining fiber Bragg grating in a
Sagnac loop interferometer. Optics and Laser Technology 2009; 41 264-267.

[11] Ahmad H., Zulkifli M. Z., Thambiratnam K., Latif A. A., Harun S. W. High power
and compact switchable Bismuth based multiwavelength fiber laser. Laser Physics
Letters 2009; 6(5) 380-383.

[12] Liu D., Ngo N. Q., Chan H. N., Teu C. K., Tjin S. C. A switchable triple –wavelength
Erbium-doped fiber laser with a linear laser cavity. Microwave and Optical Technol‐
ogy Letters 2006; 48(4) 632-635.

[13] Feng S., Xu O., Lu S., Ning T., Jian S. Switchable multi-wavelength Erbium-doped fi‐
ber laser based on cascaded polarization maintaining fiber Bragg gratings in a Sa‐
gnac loop interferometer. Optics Communication 2008; 281 6006-6010.

[14] El-Tasher A. E., Alcon-Camas M., Babin S. A., Harper P., Ania-Castañon J. D., Turit‐
syn S. K. Dual-wavelength, ultralong Raman laser with Rayleigth-scattering feed‐
back. Optics Letters 2010; 35(7) 1100-1102.

[15] Parvizi R., Harun S. W., Ali N. M., Shahabuddin S., Ahmad H. Photonic crystal fiber-
based multiwavelength Brillouin fiber laser with dual-pass amplification configura‐
tion. Chinese Optics Letters 2011. 9 021403.

[16] Im J. E., Kim B. K., Chung Y. Tunable single and dual-wavelength Erbium-doped fi‐
ber laser based on Sagnac filter with a high-birefringence photonic crystal fiber.

[17] Liu D., Ngo N. Q., Liu H., Liu D. Microwave generation using an all polarization-
maintaining linear cavity dual-wavelength fiber laser with tunable wavelength spac‐
ing. Optics Communications 2009; 282 1611-1614

[18] Moore P. J., Chaboyer Z. J., Das G. Tunable dual-wavelength fiber laser. Optical Fiber
Technology 2009; 15 377-379.

[19] Alvarez-Tamayo R. I., Duran-Sanchez M., Pottiez O., Kuzin E. A., Ibarra-Escamilla
B., Flores-Rosas A. Theoretical and experimental analysis of tunable Sagnac high-bi‐

Current Developments in Optical Fiber Technology446

refringence loop filter for dual-wavelength laser application. Applied Optics 2011;
50(3) 253-260.

[20] Ma X., Kai G., and Wu Z. Study of polarization independence for high birefringence
fiber Sagnac interferometers. Microwave Optical Technology Letters 2005; 46 183–
185.

[21] Liu L., Zhao Q., Zhou G., Zhang H., S Chen., Zhao L., Yao Y., Guo P., Dong X. Study
on an optical filter constituted by concatenated Hi-Bi fiber loop mirrors. Microwave
Optical Technology Letters 2004; 43 23–26.

[22] Lim K. S., Pua C. H.,N. Awang A., Harun S.W., Ahmad H. Fiber loop mirror filter
with two-stage high birefringence fibers. Progress in Electromagnetics Resarch C
2009; 9 101–108.

[23] Li S., Ngo N. Q., Tjin S. C., Binh L. N. Tunable and switchable optical bandpass filters
using a single linearly chirped fiber Bragg grating. Optics Communication. 239 (2004)
339-344.

[24] Moon D. S., Sun G., Lin A., Liu X., Chung Y. Tunable dual-wavelength fiber laser
based on a single fiber Bragg grating in a Sagnac loop interferometer. Optics Com‐
munications 2008; 281 2513-2516.

[25] Mirza M. A., Stewart G. Theory and design of a simple tunable Sagnac loop filter for
multiwavelength fiber lasers. Applied Optics 2008; 47 5242–5252.

[26] Sun H. B., Liu X. M., Gong Y. K., Li X. H., Wang R. Broadly tunable Dual-Wave‐
length Erbium-Doped Ring Fiber Laser Based on a High-birefringence Fiber Loop
Mirror. Laser Physics 2010; 20(2) 522-527.

[27] Zhou K. J., Ruan Y. F. Fiber ring laser employing an all-polarization-maintaining
loop periodic filter. Laser Physics 2012; 20(6) 1449-1452.

[28] Mortimore D. B. Fiber loop reflectors. J. Lightwave Technology 1988; 6(7) 1217–1224.

[29] Kuzin E.A., Cerecedo-Nuñez H., Korneev N. Alignment of a birefringent fiber Sa‐
gnac interferometer by fiber twist. Optics Communications 1999; 160 37-41 (1999)

[30] Durán-Sánchez M., Flores-Rosas A., Alvarez-Tamayo R. I., Kuzin E. A., Pottiez O.,
Bello-Jimenez M., Ibarra- Escamilla B. Fine adjustment of cavity loss by Sagnac loop
for a dual wavelength generation. Laser Physics 2010; 20(5) 1270–1273.

[31] Alvarez-Tamayo R. I., Durán-Sánchez M., Pottiez O., Kuzin E. A., Ibarra-Escamilla B.
Tunable Dual-Wavelength Fiber Laser Based on a Polarization-Maintaining Fiber
Bragg Grating and a Hi-Bi Fiber Optical Loop Mirror. Laser Physics 2011; 21(11)
1932-1935.

Experimental Study of Fiber Laser Cavity Losses to Generate a Dual-Wavelength…
http://dx.doi.org/10.5772/54330

447



[6] Latif A. A., Ahmad H., Awang N. A., Zulkifli M. Z., Pua C. H., Ghani Z. A., Harun S.
W. Tunable high power fiber laser using AWG as the tuning element. Laser Physics
2011; 21(4) 712-717.

[7] Han. Y., Lee J. H. Switchable dual wavelength Erbium-doped fiber laser at room tem‐
perature. Microwave and Optical Technology Letters 2007; 49(6) 1433-1435.

[8] Ahmad H., Zulkifli M. Z., Norizan S. F., Latif A. A., Harun S. W. Controllable wave‐
length channels for multiwavelength Brillouin Bismuth/Erbium based fiber laser.
Progress in Electromagnetics Research Letters 2009; 9 9-18.

[9] Ahmad H., Sulkifli M. Z., Thambiratnam K., Latif A. A., Harun S. W. Switchable
semiconductor optical fiber laser incorporating AWG and broadband FBG with high
SMSR. Laser Physics Letters 2009; 6(7) 539-543.

[10] Feng S., Xu, O., Lu S., Mao X., Ning T., Jian S. Switchable dual-wavelength Erbium-
doped fiber-ring laser based on one polarization maintaining fiber Bragg grating in a
Sagnac loop interferometer. Optics and Laser Technology 2009; 41 264-267.

[11] Ahmad H., Zulkifli M. Z., Thambiratnam K., Latif A. A., Harun S. W. High power
and compact switchable Bismuth based multiwavelength fiber laser. Laser Physics
Letters 2009; 6(5) 380-383.

[12] Liu D., Ngo N. Q., Chan H. N., Teu C. K., Tjin S. C. A switchable triple –wavelength
Erbium-doped fiber laser with a linear laser cavity. Microwave and Optical Technol‐
ogy Letters 2006; 48(4) 632-635.

[13] Feng S., Xu O., Lu S., Ning T., Jian S. Switchable multi-wavelength Erbium-doped fi‐
ber laser based on cascaded polarization maintaining fiber Bragg gratings in a Sa‐
gnac loop interferometer. Optics Communication 2008; 281 6006-6010.

[14] El-Tasher A. E., Alcon-Camas M., Babin S. A., Harper P., Ania-Castañon J. D., Turit‐
syn S. K. Dual-wavelength, ultralong Raman laser with Rayleigth-scattering feed‐
back. Optics Letters 2010; 35(7) 1100-1102.

[15] Parvizi R., Harun S. W., Ali N. M., Shahabuddin S., Ahmad H. Photonic crystal fiber-
based multiwavelength Brillouin fiber laser with dual-pass amplification configura‐
tion. Chinese Optics Letters 2011. 9 021403.

[16] Im J. E., Kim B. K., Chung Y. Tunable single and dual-wavelength Erbium-doped fi‐
ber laser based on Sagnac filter with a high-birefringence photonic crystal fiber.

[17] Liu D., Ngo N. Q., Liu H., Liu D. Microwave generation using an all polarization-
maintaining linear cavity dual-wavelength fiber laser with tunable wavelength spac‐
ing. Optics Communications 2009; 282 1611-1614

[18] Moore P. J., Chaboyer Z. J., Das G. Tunable dual-wavelength fiber laser. Optical Fiber
Technology 2009; 15 377-379.

[19] Alvarez-Tamayo R. I., Duran-Sanchez M., Pottiez O., Kuzin E. A., Ibarra-Escamilla
B., Flores-Rosas A. Theoretical and experimental analysis of tunable Sagnac high-bi‐

Current Developments in Optical Fiber Technology446

refringence loop filter for dual-wavelength laser application. Applied Optics 2011;
50(3) 253-260.

[20] Ma X., Kai G., and Wu Z. Study of polarization independence for high birefringence
fiber Sagnac interferometers. Microwave Optical Technology Letters 2005; 46 183–
185.

[21] Liu L., Zhao Q., Zhou G., Zhang H., S Chen., Zhao L., Yao Y., Guo P., Dong X. Study
on an optical filter constituted by concatenated Hi-Bi fiber loop mirrors. Microwave
Optical Technology Letters 2004; 43 23–26.

[22] Lim K. S., Pua C. H.,N. Awang A., Harun S.W., Ahmad H. Fiber loop mirror filter
with two-stage high birefringence fibers. Progress in Electromagnetics Resarch C
2009; 9 101–108.

[23] Li S., Ngo N. Q., Tjin S. C., Binh L. N. Tunable and switchable optical bandpass filters
using a single linearly chirped fiber Bragg grating. Optics Communication. 239 (2004)
339-344.

[24] Moon D. S., Sun G., Lin A., Liu X., Chung Y. Tunable dual-wavelength fiber laser
based on a single fiber Bragg grating in a Sagnac loop interferometer. Optics Com‐
munications 2008; 281 2513-2516.

[25] Mirza M. A., Stewart G. Theory and design of a simple tunable Sagnac loop filter for
multiwavelength fiber lasers. Applied Optics 2008; 47 5242–5252.

[26] Sun H. B., Liu X. M., Gong Y. K., Li X. H., Wang R. Broadly tunable Dual-Wave‐
length Erbium-Doped Ring Fiber Laser Based on a High-birefringence Fiber Loop
Mirror. Laser Physics 2010; 20(2) 522-527.

[27] Zhou K. J., Ruan Y. F. Fiber ring laser employing an all-polarization-maintaining
loop periodic filter. Laser Physics 2012; 20(6) 1449-1452.

[28] Mortimore D. B. Fiber loop reflectors. J. Lightwave Technology 1988; 6(7) 1217–1224.

[29] Kuzin E.A., Cerecedo-Nuñez H., Korneev N. Alignment of a birefringent fiber Sa‐
gnac interferometer by fiber twist. Optics Communications 1999; 160 37-41 (1999)

[30] Durán-Sánchez M., Flores-Rosas A., Alvarez-Tamayo R. I., Kuzin E. A., Pottiez O.,
Bello-Jimenez M., Ibarra- Escamilla B. Fine adjustment of cavity loss by Sagnac loop
for a dual wavelength generation. Laser Physics 2010; 20(5) 1270–1273.

[31] Alvarez-Tamayo R. I., Durán-Sánchez M., Pottiez O., Kuzin E. A., Ibarra-Escamilla B.
Tunable Dual-Wavelength Fiber Laser Based on a Polarization-Maintaining Fiber
Bragg Grating and a Hi-Bi Fiber Optical Loop Mirror. Laser Physics 2011; 21(11)
1932-1935.

Experimental Study of Fiber Laser Cavity Losses to Generate a Dual-Wavelength…
http://dx.doi.org/10.5772/54330

447



Chapter 17

Multi-Wavelength Fiber Lasers

Rosa Ana Perez-Herrera and Manuel Lopez-Amo

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53398

1. Introduction

A fiber amplifier can be converted into a laser by placing it  inside a cavity designed to
provide optical  feedback.  Such lasers  are  called fiber  lasers.  In  this  kind of  lasers  there
are  optical  fibers  that  act  as  gain  media  such  as  erbium  or  ytterbium  doped  fibers
among other, although some lasers with a semiconductor gain medium and a fiber reso‐
nator have also been called fiber lasers.

Nowadays, multiwavelength lasers are of great interest for telecommunications and sensors
multiplexing. These lasers also have a great potential in the fiber-optic test and measurement
of WDM components. The requirements for such optical sources are: a high number of
channels over large wavelength span, moderate output powers (of the order of 100μW per
channel) with good optical signal to noise ratio (OSNR) and spectral flatness, single longitu‐
dinal mode operation of each laser line, tunability and accurate positioning on the ITU
frequency grid. Reaching all these requirements simultaneously is a difficult task, and many
different approaches using semiconductor or erbium-doped fiber technology have been
proposed and experimented in order to obtain multiwavelength laser oscillation.

Fiber lasers also offer great possibilities as multiwavelength sources. Their ease of fabrication
has yielded many ingenious designs. The main challenge in producing a multiline output with
and erbium doped fiber laser (EDFL) is the fact that the erbium ion saturates mostly homoge‐
neously at room temperature, preventing stable multiwavelength operation.

Single longitudinal mode operation of fiber lasers is desirable for many potential applica‐
tions  where  coherence  is  necessary.  These  include  coherent  communications,  interfero‐
metric  fiber  sensors  and  coherent  light  techniques  in  bulk  or  micro-optics,  such  as
holography  or  spatial  filtering.  [1].  However,  these  lasers  normally  operate  in  multiple
longitudinal  modes  because  of  a  large  gain  bandwidth  (>30  nm)  and a  relatively  small
longitudinal-mode spacing (< 100 MHz). The spectral bandwidth of laser output can ex‐
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ceed 10 nm under CW operation [2]. Many applications of continuous wave (CW) lasers
require  operation  in  a  narrow-linewidth  single  mode  whose  wavelength  can  be  tuned
over  the  gain  bandwidth.  Numerous  methods  have  been  used  to  realize  narrow-line‐
width  fiber  lasers,  however  fiber  Bragg  gratings  (FBGs)  are  preferred  for  this  purpose
since they can be fabricated with a reflectivity spectrum of less than 0.1 nm.

It is also worth noting that the large gain bandwidth of fiber lasers is useful for tuning them
over a wavelength range exceeding 50 nm [2]. Several other methods have been used to achieve
single longitudinal mode operation of fiber lasers and these include unidirectional ring
resonators [3], intracavity wave-mixing in a saturable absorber [4], fiber Fox-Smith resonators
[5] and injection locking using the line narrowed output form a separate source [6]. Never‐
theless, no technique is free from operating difficulties due to the problems of isolating the
fiber laser resonator from environmental influences, such as vibrations and temperature drift
among other factors. Most of these problems can be addressed by using some clever schemes,
as will be presented in this work.

2. Fiber lasers design

Fiber lasers can be designed with a variety of choices for the laser cavity [2]. One of the most
common type of laser cavity is known as the Fabry-Perot cavity, which is made by placing the
gain medium between two high-reflecting mirrors. In the case of fiber lasers, mirror often butt-
coupled to the fiber ends to avoid diffraction losses.

Several alternatives exist to avoid passing the pump light through dielectric mirrors. For
example, one can take advantage of fiber couplers. It is possible to design a fiber couple such
that most of the pump power comes out of the port that is a part of the laser cavity. Such
couplers are called wavelength-division-multiplexing (WDM) couplers. Another solution is to
use fiber gratings as mirrors. As it is known, a FBG can acts as a high-reflectivity mirror for
the laser wavelength while being transparent to pump radiation. The use of two such gratings
results in an all-fiber Fabry-Perot cavity. An added advantage of Bragg gratings is that the
laser can be forced to operate in a single longitudinal mode. A third approach makes use of
fiber–loop mirrors that can be designed to reflect the laser light but transmit pump radiation.

Ring cavities are often used to force unidirectional operation of a laser. In the case of fiber
lasers, an additional advantage is that a ring cavity can be made without using mirrors,
resulting in an all-fiber cavity. In the simplest design, two ports of a WDM coupler are
connected tighter to form a ring cavity containing the doped fiber, as shown in Figure 1.

An isolator is inserted within the loop for unidirectional operation. However, some alter‐
native fiber  laser  configurations have been shown,  where these kinds of  devices  can be
suppressed from the cavity rings by using optical  circulators [7].  Theoretically,  a polari‐
zation controller is  also needed for conventional doped fiber that does not preserve po‐
larization.  However,  some  works  [7]  have  demonstrated  that  this  device  has  little
influence on the multiwavelength regime.
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Figure 1. Schematic of a unidirectional ring cavity used for fiber lasers.

Ring fiber lasers are also known to be susceptible to power fluctuations. These instabilities can
significantly degrade the characteristics of a sensor array based on a tunable ring laser
interrogation scheme [8]. Although the laser output power stability usually depends on many
parameters like the EDF lengths, the coupling ratio on the output and the total cavity length
[9], [10]-[15], it can be improved through an appropriate choice of laser parameters.

For sensor applications, a tunable narrow-band laser source is very attractive since it signifi‐
cantly simplifies the detection scheme. However, the interaction of laser relaxation oscillations
with external perturbations induces self-pulsation and output power variations. In addition,
the long coherence length of the radiation emitted by a single-mode laser may result in Fabry-
Perot type unwanted interference within the sensing arm. In a few-mode regime, mode-
hopping results in power fluctuations. To avoid these fluctuations the laser must operate in a
many-mode regime, in which the power carried by each mode is sufficiently small. Specifically,
the spacing between longitudinal modes is defined by the length of the cavity which is usually
a few tens of meters. The number of modes (N) and modes spacing (Δλ) in a fiber ring laser
are given by:

2

nL
llD = (1)

nLN
l

= (2)

where n: is the refractive index of the Er fiber, L: the ring length, and λ: the centered mode
wavelength.

Some experimental studies have been carried out with the purpose of enabling an erbium
doped fiber ring laser (EDFRL) design to be optimized, by using highly Er-doped fiber instead
of conventional one [16], in order to meet the required performance by analyzing several
configurations. In that way, the optimal EDF length [17] required to generate both the highest
possible gain for a given signal and output power oscillations as low as possible under certain
constraints can be found.
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Thus, several EDFL hybrid cavity configurations, combining both EDFR and short cavity fiber
laser, have been designed and experimentally analyzed [18], [19]. Figure 2 shows the experi‐
mental setup of a short-cavity fiber laser. These studies were focused on the optimization of
laser parameters, which include EDF lengths, pump power and diverse configurations,
without changing the basic scheme, which was kept as simple as possible.

Figure 2. Experimental setup of a short-cavity fiber laser

Regarding to the spectral characterization of these kind of EDFLs, Figure 3 shows the exit
amplified spontaneous emission (ASE) measured in the amplifier configuration, i.e., when the
free end of the EDF was connected to an optical spectrum analyzer (OSA). It may be useful to
note that the steady-state ASE spectra can be accurately simulated with the standard static
model [20] based on the doped fiber parameters provided by the fiber manufacturer.
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Figure 3. ASE obtained from a 1 m length of Er-80 when it is pumped by a 980nm light source.
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Spectrally resolved measurements of the laser (i.e., closed cavity) output with different EDF
lengths as the gain medium (and 500mW of input power) show a multiple-wavelength
operation. The position of the comb depends on the fiber length. For a 25cm-long fiber, the
generation occurs at shorter wavelengths values, while already for a 1m-long fiber the
generation shifts to longer wavelengths (Figure 4). This shift is due to an increase of the
effective fiber length when the cavity is closed and it corresponds to the L-band operation of
an EDFA with an increased fiber length.

Frequency hopping to other longitudinal cavity modes is possible since neighboring modes
may have a higher (unsaturated) gain. Usually, when no cavity filters are used, linear cavity
lasers are less stable in power and frequency than ring cavity lasers. Ring cavity EDFLs use
the gain provided by the EDF more efficiently and have a cavity free spectral range (FSR) that
is twice as large for the same cavity length compared to linear cavity lasers [16].

On the other hand, the linear,  or Fabry–Perot cavity,  is the most common laser cavities,
and the first  EDFL cavity that  was explored.  Its  main advantages are its  simplicity and
the possibility to make very short cavities. It is thus well suited for robust single longitu‐
dinal mode operation. They are also suitable for master oscillator power amplifier (MO‐
PA) [21] applications since it  is  usually easy to recover unabsorbed pump power at  the
output coupler.
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Figure 4. Output power spectra for closed cavity configuration with different EDF lengths. (1) 25, (2) 50, (3) 75 and (4)
100 cm length of the erbium-doped fiber. 500mW pump power.

An example of a linear cavity is presented in Figure 5. In a forward pumped linear cavity EDFL,
the pump light is injected through a wavelength-dependent reflector (WDR) which is, ideally,
perfectly transparent at the pump wavelength and perfectly reflective at the signal wavelength.
The output coupler completes the linear cavity. It is preferable that the output coupler be highly
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100 cm length of the erbium-doped fiber. 500mW pump power.

An example of a linear cavity is presented in Figure 5. In a forward pumped linear cavity EDFL,
the pump light is injected through a wavelength-dependent reflector (WDR) which is, ideally,
perfectly transparent at the pump wavelength and perfectly reflective at the signal wavelength.
The output coupler completes the linear cavity. It is preferable that the output coupler be highly
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reflective at the pump wavelength to recycle unused pump power thus providing optimized
pumping and no residual pump at the output.

The output coupler must also have a reflectivity at the signal wavelength that optimizes the
output power [22]. The output coupler reflectivity in the signal band can either be broadband,
leading to a lasing wavelength determined by the erbium-doped fiber gain curve, or wave‐
length-selective, leading to a lasing wavelength selected, and possibly tuned, by the output
coupler. Linear cavities are also ideal for compact single-longitudinal mode lasers and for high
power applications.

Many other cavity designs are possible. For example, one can use two coupled Fabry-Perot
cavities. In the simplest scheme, one mirror is separated from the fiber end by a controlled
amount. The 4% reflectivity of the fiber-air interface acts as a low-reflectivity mirror that
couples the fiber cavity with the empty air-filled cavity. Because of that, all the free termina‐
tions on the systems have to be immersed in refractive-index-matching gel to avoid undesired
reflections. Such compound resonator has been used to reduce the line width of an Er-doped
fiber laser [23]. Three fiber gratings in series also produce two coupled Fabry-Perot cavities.
Still another design makes use of a Fox-Smith resonator [5].

Pump EDF

M1 M2

ISO

Output

Figure 5. General schematic diagram of a linear cavity EDFL. M1: pump WDR mirror, M2: output coupler, EDF: erbium-
doped fiber, ISO: optical isolator.

As it  was  previously  pointed  out,  multiwavelength  lasers  are  of  great  interest  for  tele‐
communications and sensors multiplexing. These lasers also have a great potential in the
fiber-optic test  and measurement of WDM components.  The requirements for such opti‐
cal sources are: a high number of channels over large wavelength span, moderate output
powers (of the order of 100μW per channel) with good OSNR and spectral flatness, sin‐
gle longitudinal mode operation of each laser line, tunability and accurate positioning on
the ITU frequency grid [25].

2.1. Laser output fluctuations

Many lasers, exhibit fluctuations in their output intensity that appear as either a sequence of
sharp, narrow pulses (spikes) or a small oscillation “ripple” superimposed upon the steady-
state laser output signal. The lasers that experience these fluctuations are lasers in which the
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recovery time of the excited-state population inversion is significantly longer that the laser
cavity decay time.

It  has  been recognized that  such instabilities  can  significantly  degrade  the  performance
characteristics of a sensor array based on a tunable ring laser interrogation scheme. Most
of the factors influencing stability of the output power of fiber laser have been analyzed
theoretically in detail [23]. A systematically effort to study these causes has been carried
out.  Based  on  previous  experience  these  studies  have  been  focused  on  optimization  of
some the following parameters:  pump power [19],  doped fiber  length and ions  concen‐
tration [26], output coupling ratio [7], total cavity length [26], spectral hole-burning effect
[27] or the cavity losses [28]. However, polarization control seems not very important for
the multimode regime [7].

2.2. Room temperature operation of fiber lasers

Multiple gain medium: In a manner similar to semiconductor laser arrays, it is possible to
create multifrequency EDFLs that use a single gain medium per wavelength. In 1994, Taka‐
hashi et al. [29] demonstrated a multifrequency ring EDFL oscillating simultaneously over four
wavelengths spaced 1.6 nm apart by using an 8 x 8 AWG and four EDFAs. Later, Miyazaki
and his co-worker [30] showed a ring EDFL that lases on 15 lines separated by 1.6nm. Again,
the laser consisted of 15 EDFAs placed between two 16 x 16 AWGs. The light from a 1480 nm
pump laser was evenly distributed to N fiber segments by a 1 x N broadband coupler. Each
segment was composed of a piece of EDF followed by an optical isolator, a tunable optical
filter and variable attenuator. By adjusting each attenuator it was possible to establish
multifrequency oscillation in this ring cavity. Independent wavelength tuning of each laser
line was the main feature of this structure.

Various schemes have been demonstrated to show both SLM and tunability simultaneously,
for example, using such schemes as a multi-ring cavity with a band pass filter [31], a tunable
fiber Bragg grating (FBG) Fabry-Perot etalon [32] and a saturable absorber with a tunable FBG
[33]. It has been shown in prior works that a section of unpumped EDF in a Sagnac loop can
be used as a saturable absorber in which two counter-propagating waves form a standing wave
and induce spatial-hole-burning (SHB). The refraction index of the unpumped EDF changes
spatially due to SHB and this results in an ultra-narrow bandwidth self-induced FBG [34], [35].

By means of optimized length of unpumped EDF, the beat frequencies corresponding to the
multimode lasing disappeared when a saturable absorber is introduced [36] so, lasers that can
be wavelength-swept over the entire C-band (1520nm-1570nm) window with linewidth less
than 0.7 kHz [37], laser that can also achieve switching modes among several wavelengths by
simple adjustment of two polarization controllers in the cavities [38], C- plus L-band fiber ring
laser with wide wavelength tunability and single-longitudinal-mode oscillation [39], genera‐
tion of terahertz (THz) electromagnetic waves by photomixing two wavelengths in a high
speed photodetector [40] can be obtained among others.

In 2008, Tianshu Wang [41] reported a novel high power tunable single-frequency erbium-
doped fiber laser. The single-frequency operation was realized by using the FBG as a narrow
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reflective at the pump wavelength to recycle unused pump power thus providing optimized
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Pump EDF

M1 M2

ISO

Output

Figure 5. General schematic diagram of a linear cavity EDFL. M1: pump WDR mirror, M2: output coupler, EDF: erbium-
doped fiber, ISO: optical isolator.

As it  was  previously  pointed  out,  multiwavelength  lasers  are  of  great  interest  for  tele‐
communications and sensors multiplexing. These lasers also have a great potential in the
fiber-optic test  and measurement of WDM components.  The requirements for such opti‐
cal sources are: a high number of channels over large wavelength span, moderate output
powers (of the order of 100μW per channel) with good OSNR and spectral flatness, sin‐
gle longitudinal mode operation of each laser line, tunability and accurate positioning on
the ITU frequency grid [25].

2.1. Laser output fluctuations

Many lasers, exhibit fluctuations in their output intensity that appear as either a sequence of
sharp, narrow pulses (spikes) or a small oscillation “ripple” superimposed upon the steady-
state laser output signal. The lasers that experience these fluctuations are lasers in which the
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recovery time of the excited-state population inversion is significantly longer that the laser
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be used as a saturable absorber in which two counter-propagating waves form a standing wave
and induce spatial-hole-burning (SHB). The refraction index of the unpumped EDF changes
spatially due to SHB and this results in an ultra-narrow bandwidth self-induced FBG [34], [35].

By means of optimized length of unpumped EDF, the beat frequencies corresponding to the
multimode lasing disappeared when a saturable absorber is introduced [36] so, lasers that can
be wavelength-swept over the entire C-band (1520nm-1570nm) window with linewidth less
than 0.7 kHz [37], laser that can also achieve switching modes among several wavelengths by
simple adjustment of two polarization controllers in the cavities [38], C- plus L-band fiber ring
laser with wide wavelength tunability and single-longitudinal-mode oscillation [39], genera‐
tion of terahertz (THz) electromagnetic waves by photomixing two wavelengths in a high
speed photodetector [40] can be obtained among others.
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band filter and a section of unpumped EDF as a saturable absorber in the cavity. The obtained
slope efficiency was more than 20%, the stability was less than 0.005 dB and the modes adjacent
to the lasing mode were completely suppressed.

Single gain medium: The very first attempts [42], [43] at room temperature operation of single
gain stage multifrequency EDFLs showed, notwithstanding their inefficiency, the great
potential of these sources. Later, Hübner et al. [44] proved that a multifrequency EDFL could
be obtained through writing a series of DFB (distributed feedback laser) fiber Bragg gratings
in a single erbium-doped fiber. Their laser produced five lines over a 4.2 nm range. The use of
specialty doped fiber has also led to very elegant designs. A twincore EDF was used by
Graydon et al. [45] as an inhomogeneous gain medium in a multifrequency ring EDFL. In that
fiber, wavelength-dependent periodic coupling between the two cores partially decouples the
available gain for each wavelength, since they interact with a different subset of erbium ions.
Poustie et al. [46] used a multimode fiber to create a frequency periodic filter based on spatial
mode beating and showed multi-wavelength operation over four lines spaced by 2.1 nm. In
1992, Abraham et al. [47] conceived a multifrequency hybrid laser composed of a 980 nm pump
laser diode with antireflection coating coupled to an EDF with a fiber mirror. That laser
produced an output spectrum with six lines spaced by 0.44 nm. In 1997, Zhao et al. [48]
demonstrated that the control of optical feedback in a modified S-type cavity allowed stable
multifrequency operation. In addition to this, a very interesting scheme to realize room
temperature operation of a multifrequency EDFL was demonstrated by Sasamori et al. [49].
They used an acousto-optic modulator to prevent the laser from reaching steady-state
operation. Initially, the authors believed that the repeated frequency shifting of the circulating
ASE by the acousto-optic modulator prevented laser oscillation and yielded an incoherent
source. Recently, it was shown that this source is in fact a laser and its potential as a frequency
reference was demonstrated [9], [50], [51].

X.S. Liu et al. [52] experimentally demonstrated a simple-structure but efficient multiwave‐
length EDFL based on dual effects of nonlinear polarization rotation (NPR) and four-wave-
mixing (FWM). With this structure, a maximum of 38-lines output in C-band and 28-
wavelength flattened output within 3 dB bandwidth in L-band, both with the same spacing of
about 0.4 nm, was obtained. Through the comparative experiments, it was demonstrated that
introducing hybrid nonlinear effects by using a length of DSF is more efficient to generate
multiwavelength lasing than using SMF.

2.3. Liquid nitrogen cooled multifrequency fiber lasers

The most obvious way to force multifrequency operation in a single gain medium EDFL is to
cool the EDF by immersion in a bath of liquid nitrogen (77 K). At these temperatures the erbium
ions become inhomogeneous, and multifrequency operation is much easier. It must be noted
that this complex and unreliable approach is not recommended for field applications. None‐
theless, many potent experimental results have been published using this method and it is
worthwhile to review them. In 1996, Chow et al. [53] published results concerning a multifre‐
quency ring EDFL using two different types of frequency periodic filters. They obtained eleven
laser peaks spaced by 0.65nm using a Fabry–Perot filter based on chirped fiber Bragg gratings
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[54], and five laser peaks spaced by 1.8 nm with a sampled fiber Bragg grating. An example of
these kind of structures can be seen in Figure 6.

That same year,  Yamashita et  al.  [55] proposed a single-polarization linear cavity multi‐
frequency EDFL. This laser does not use polarization-maintaining fiber and operates in a
travelling-wave mode, thus preventing spatial hole burning, since cavity feedback is pro‐
vided by Faraday mirrors.  A Fabry–Perot etalon is used as the frequency periodic filter.
A polarizer and a Faraday rotator are placed on each side of the etalon to prevent para‐
sitic  reflections.  With  this  setup,  the  authors  obtained  simultaneous  oscillation  over  17
wavelength  spaced  by  0.8  nm.  Simultaneous  lasing  of  up  to  24  wavelengths  has  been
demonstrated by Park et al.  [56] using controlled polarization evolution in a ring cavity
and liquid nitrogen cooling to enhance spectral  hole burning, polarization hole burning,
and polarization selectivity. A polarizer and a polarization controller were placed before
a piece of polarization maintaining fiber to form a Lyot filter with a free spectral  range
of  1.1  nm.  Finally,  Yamashita  et  al.  [57]  realized  a  multiwavelength  Er:Yb  Fabry–Perot
micro-laser with 29 0.4 nm-spaced lines.
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Figure 6. Schematic diagram of a nitrogen-cooled multifrequency EDFL.

2.4. Multiwavelength fiber laser-based multiplexing systems

One of the major difficulties to detect the sensing signals when broadband light sources are
more than 50 km long is the Rayleigh scattering-induced optical noise as well as loss of
background signal in the transmission fiber [58]. To increase the performance of sensing
systems, a fiber laser-based sensing probe with a narrow bandwidth and a high extinction ratio
should be considered.

As it was said, FBGs are suitable for use as spectrally narrowband reflectors for creating
cavities for fiber lasers.  Multisensor fiber Bragg grating lasers utilizes several  FBGs nor‐
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band filter and a section of unpumped EDF as a saturable absorber in the cavity. The obtained
slope efficiency was more than 20%, the stability was less than 0.005 dB and the modes adjacent
to the lasing mode were completely suppressed.

Single gain medium: The very first attempts [42], [43] at room temperature operation of single
gain stage multifrequency EDFLs showed, notwithstanding their inefficiency, the great
potential of these sources. Later, Hübner et al. [44] proved that a multifrequency EDFL could
be obtained through writing a series of DFB (distributed feedback laser) fiber Bragg gratings
in a single erbium-doped fiber. Their laser produced five lines over a 4.2 nm range. The use of
specialty doped fiber has also led to very elegant designs. A twincore EDF was used by
Graydon et al. [45] as an inhomogeneous gain medium in a multifrequency ring EDFL. In that
fiber, wavelength-dependent periodic coupling between the two cores partially decouples the
available gain for each wavelength, since they interact with a different subset of erbium ions.
Poustie et al. [46] used a multimode fiber to create a frequency periodic filter based on spatial
mode beating and showed multi-wavelength operation over four lines spaced by 2.1 nm. In
1992, Abraham et al. [47] conceived a multifrequency hybrid laser composed of a 980 nm pump
laser diode with antireflection coating coupled to an EDF with a fiber mirror. That laser
produced an output spectrum with six lines spaced by 0.44 nm. In 1997, Zhao et al. [48]
demonstrated that the control of optical feedback in a modified S-type cavity allowed stable
multifrequency operation. In addition to this, a very interesting scheme to realize room
temperature operation of a multifrequency EDFL was demonstrated by Sasamori et al. [49].
They used an acousto-optic modulator to prevent the laser from reaching steady-state
operation. Initially, the authors believed that the repeated frequency shifting of the circulating
ASE by the acousto-optic modulator prevented laser oscillation and yielded an incoherent
source. Recently, it was shown that this source is in fact a laser and its potential as a frequency
reference was demonstrated [9], [50], [51].

X.S. Liu et al. [52] experimentally demonstrated a simple-structure but efficient multiwave‐
length EDFL based on dual effects of nonlinear polarization rotation (NPR) and four-wave-
mixing (FWM). With this structure, a maximum of 38-lines output in C-band and 28-
wavelength flattened output within 3 dB bandwidth in L-band, both with the same spacing of
about 0.4 nm, was obtained. Through the comparative experiments, it was demonstrated that
introducing hybrid nonlinear effects by using a length of DSF is more efficient to generate
multiwavelength lasing than using SMF.

2.3. Liquid nitrogen cooled multifrequency fiber lasers

The most obvious way to force multifrequency operation in a single gain medium EDFL is to
cool the EDF by immersion in a bath of liquid nitrogen (77 K). At these temperatures the erbium
ions become inhomogeneous, and multifrequency operation is much easier. It must be noted
that this complex and unreliable approach is not recommended for field applications. None‐
theless, many potent experimental results have been published using this method and it is
worthwhile to review them. In 1996, Chow et al. [53] published results concerning a multifre‐
quency ring EDFL using two different types of frequency periodic filters. They obtained eleven
laser peaks spaced by 0.65nm using a Fabry–Perot filter based on chirped fiber Bragg gratings
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[54], and five laser peaks spaced by 1.8 nm with a sampled fiber Bragg grating. An example of
these kind of structures can be seen in Figure 6.

That same year,  Yamashita et  al.  [55] proposed a single-polarization linear cavity multi‐
frequency EDFL. This laser does not use polarization-maintaining fiber and operates in a
travelling-wave mode, thus preventing spatial hole burning, since cavity feedback is pro‐
vided by Faraday mirrors.  A Fabry–Perot etalon is used as the frequency periodic filter.
A polarizer and a Faraday rotator are placed on each side of the etalon to prevent para‐
sitic  reflections.  With  this  setup,  the  authors  obtained  simultaneous  oscillation  over  17
wavelength  spaced  by  0.8  nm.  Simultaneous  lasing  of  up  to  24  wavelengths  has  been
demonstrated by Park et al.  [56] using controlled polarization evolution in a ring cavity
and liquid nitrogen cooling to enhance spectral  hole burning, polarization hole burning,
and polarization selectivity. A polarizer and a polarization controller were placed before
a piece of polarization maintaining fiber to form a Lyot filter with a free spectral  range
of  1.1  nm.  Finally,  Yamashita  et  al.  [57]  realized  a  multiwavelength  Er:Yb  Fabry–Perot
micro-laser with 29 0.4 nm-spaced lines.
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Figure 6. Schematic diagram of a nitrogen-cooled multifrequency EDFL.

2.4. Multiwavelength fiber laser-based multiplexing systems

One of the major difficulties to detect the sensing signals when broadband light sources are
more than 50 km long is the Rayleigh scattering-induced optical noise as well as loss of
background signal in the transmission fiber [58]. To increase the performance of sensing
systems, a fiber laser-based sensing probe with a narrow bandwidth and a high extinction ratio
should be considered.

As it was said, FBGs are suitable for use as spectrally narrowband reflectors for creating
cavities for fiber lasers.  Multisensor fiber Bragg grating lasers utilizes several  FBGs nor‐
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mally at different wavelengths, an amplification section and a mirror (or structure acting
as a mirror) to create an in-fiber cavity [59]. The utilization of an amplifying medium be‐
tween  the  gratings  and  the  mirror  pumped  inside  or  outside  the  cavity  provides  gain
and thus lasing.  The cavity may show single mode or multimode performance depend‐
ing  on the  gratings  and the  cavity  length.  This  multimode performance  can be  seen in
Figure 7, where the output optical spectrum measured by a BOSA (Brillouin optical spec‐
trum  analyzer)  for  a  multiwavelength  erbium  doped  fiber  ring  laser  tested  by  heating
one FBG on a  climatic  chamber in  the range of  30˚C to  100˚C is  shown.  In  addition to
this,  a  linear  relation between each lasing wavelength with  the  temperature  can be  ob‐
served.  For  single  mode operation using typical  FBG bandwidth,  the cavity required to
be on the  order  of  a  few cm,  thus most  part  of  remote  sensing system are  multimode.
Numerous  configurations  to  multiplex  a  number  of  FBGs have  been carried out.  These
new sensing configurations offer a much improved SNR than the non-lasing ones. Initial‐
ly Er-doped fiber amplifiers were utilized, being nowadays utilized Raman amplification,
EDFAs and SOAs depending on the application and distance to be achieved [7].

Figure 7. Output optical spectrum measured by the BOSA for the MEDFRL (with 1.5m of highly doped Er-fiber (Er-80)
from Liekki) tested by heating one FBG on a climatic chamber in the range of 30˚C to 100˚C.

Several approaches based on fiber lasers have been reported in order to realize long-distance
and remote sensing. Peng et al. [60] proposed an advanced configuration based on the use of
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a linear cavity Raman laser configuration formed by FBGs and a fiber loop mirror to achieve
a high optical signal-to-noise ratio (50 dB), but in such a system the number of FBG sensors
was limited by the relatively low Raman gain, which is difficult to improve even by using a
high Raman pump power and multiwavelength lasing characteristics.

Another approach, also proposed by Peng et al., [61] was a multiwavelength fiber ring laser
configuration with an erbium doped waveguide amplifier and a semiconductor optical
amplifier (SOA), but only six or so FBG sensors can be used in such a system with its narrow
effective bandwidth of 20 nm, which depends on the overlap of the spectrum between the
EDFA and the SOA. Moreover, its sensing distance is limited by the SOA, which cannot be
pumped remotely.

Recently, numerous multiwavelength switchable erbium-doped fiber lasers have been
developed [62]. These topologies offer a stable operation without the necessity of passive multi-
ring cavities [63] or polarization maintaining fiber [64], are suitable for the selection of all the
possible output combinations of several different lasing wavelengths and they have been used
for remote sensing up to 50 km [65]. In addition to this, in [66], an approach using a tunable
fiber ring laser with hybrid Raman–Erbium-doped fiber amplification was demonstrated,
obtaining an optical SNR of 60 dB for 50 km. However, ultra-long distance FBG multiplexing
systems have been demonstrated [67] without using optical amplification, obtaining accepta‐
ble signal to noise ratios (20 dB) after 120 km. Besides, a 200 km long fiber ring laser for
multiplexing FBG arrays was recently developed [68] and it was also able to detect four
multiplexed FBGs placed 250 km away, offering a signal to noise ratio of 6–8 dB [69].

As can be seen in [70] backward Raman amplification approach is an effective way to realize
ultra-long distance FBG sensing systems. Because of that, a 300km transmission distance has
been recently achieved with an optical SNR of 4 dB [71], which is the longest FBG sensing
distance, to the best of our knowledge.

3. Laser cavity resonance modes

In a typical laser, the number of cavity resonances that can fit within the gain bandwidth is
often plotted as a function of laser output power versus wavelength. This subsection deals
with how varying the appropriate frequencies can alter curves describing the number of cavity
modes and gain bandwidth of a laser.

One can suppress all but one lasing mode by increasing the spacing between adjacent modes
such that other modes lie outside the width of the laser gain curve. This is usually achieved
by designing very short cavity lasers. In fiber lasers, this can be achieved by designing a very
short (few centimeters long) standing-wave cavity combined with one or two narrow band
Bragg gratings that select a single longitudinal mode.

A common misconception about lasers results from the idea that all of the emitted light is
reflected back and forth within the cavity until a critical intensity is reached, whereupon some
“escapes” through the output mirror as a beam [72]. In reality, the output mirror always
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a linear cavity Raman laser configuration formed by FBGs and a fiber loop mirror to achieve
a high optical signal-to-noise ratio (50 dB), but in such a system the number of FBG sensors
was limited by the relatively low Raman gain, which is difficult to improve even by using a
high Raman pump power and multiwavelength lasing characteristics.

Another approach, also proposed by Peng et al., [61] was a multiwavelength fiber ring laser
configuration with an erbium doped waveguide amplifier and a semiconductor optical
amplifier (SOA), but only six or so FBG sensors can be used in such a system with its narrow
effective bandwidth of 20 nm, which depends on the overlap of the spectrum between the
EDFA and the SOA. Moreover, its sensing distance is limited by the SOA, which cannot be
pumped remotely.

Recently, numerous multiwavelength switchable erbium-doped fiber lasers have been
developed [62]. These topologies offer a stable operation without the necessity of passive multi-
ring cavities [63] or polarization maintaining fiber [64], are suitable for the selection of all the
possible output combinations of several different lasing wavelengths and they have been used
for remote sensing up to 50 km [65]. In addition to this, in [66], an approach using a tunable
fiber ring laser with hybrid Raman–Erbium-doped fiber amplification was demonstrated,
obtaining an optical SNR of 60 dB for 50 km. However, ultra-long distance FBG multiplexing
systems have been demonstrated [67] without using optical amplification, obtaining accepta‐
ble signal to noise ratios (20 dB) after 120 km. Besides, a 200 km long fiber ring laser for
multiplexing FBG arrays was recently developed [68] and it was also able to detect four
multiplexed FBGs placed 250 km away, offering a signal to noise ratio of 6–8 dB [69].

As can be seen in [70] backward Raman amplification approach is an effective way to realize
ultra-long distance FBG sensing systems. Because of that, a 300km transmission distance has
been recently achieved with an optical SNR of 4 dB [71], which is the longest FBG sensing
distance, to the best of our knowledge.

3. Laser cavity resonance modes

In a typical laser, the number of cavity resonances that can fit within the gain bandwidth is
often plotted as a function of laser output power versus wavelength. This subsection deals
with how varying the appropriate frequencies can alter curves describing the number of cavity
modes and gain bandwidth of a laser.

One can suppress all but one lasing mode by increasing the spacing between adjacent modes
such that other modes lie outside the width of the laser gain curve. This is usually achieved
by designing very short cavity lasers. In fiber lasers, this can be achieved by designing a very
short (few centimeters long) standing-wave cavity combined with one or two narrow band
Bragg gratings that select a single longitudinal mode.

A common misconception about lasers results from the idea that all of the emitted light is
reflected back and forth within the cavity until a critical intensity is reached, whereupon some
“escapes” through the output mirror as a beam [72]. In reality, the output mirror always
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transmits a constant fraction of the light as the beam, reflecting the rest back into the cavity.
This function is important in allowing the laser to reach an equilibrium state, with the power
levels both inside and outside the laser becoming constant.

Due to the fact that the light oscillates back and forth in a laser cavity, the phenomenon of
resonance becomes a factor in the amplification of laser intensity. Depending upon the
wavelength of stimulated emission and cavity length, the waves reflected from the end mirrors
will either interfere constructively and be strongly amplified, or interfere destructively and
cancel laser activity. Because the waves within the cavity are all coherent and in phase, they
will remain in phase when reflected from a cavity mirror. The waves will also be in phase upon
reaching the opposite mirror, provided the cavity length equals an integral number of
wavelengths. Thus, after making one complete oscillation in the cavity, light waves have
traveled a path length equal to twice the cavity length. If that distance is an integral multiple
of the wavelength, the waves will all add in amplitude by constructive interference. When the
cavity is not an exact multiple of the lasing wavelength, destructive interference will occur,
destroying laser action. The following equation defines the resonance condition that must be
met for strong amplification to occur in the laser cavity:

2  )(Cavity lengthN l× = × (3)

where N is an integer, and λ is the wavelength. The condition for resonance is not as critical
as it might appear because actual laser transitions in the cavity are distributed over a range of
wavelengths, termed the gain bandwidth [72]. Wavelengths of light are extremely small
compared to the length of a typical laser cavity, and in general, a complete roundtrip path
through the cavity will be equivalent to several hundred thousand wavelengths of the light
being amplified.

Resonance is possible at each integral wavelength increment and because the corresponding
wavelengths are very close, they fall within the gain bandwidth of the laser. Figure 8 illustrates
a typical example in which several resonance values of N, referred to as longitudinal modes
of the laser, fit within the gain bandwidth.

Laser beams have certain common characteristics, but also vary to a wide degree with respect
to size, divergence, and light distribution across the beam diameter. These characteristics
depend strongly upon the design of the laser cavity (resonator), and the optical system
controlling the beam, both within the cavity and upon output. Although a laser may appear
to produce a uniform bright spot of light when projected onto a surface, if the light intensity
is measured at different points within a cross section of the beam, it will be found to vary in
intensity. Resonator design also affects beam divergence, a measure of beam spreading as
distance from the laser increases. The beam divergence angle is an important factor in
calculating the beam diameter at a given distance.
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Figure 8. Cavity resonance modes and gain bandwidth.

In order to obtain monochromatic or single-mode laser radiation, it is usually necessary to
insert a frequency dependent loss element (a filter) to insure that gain exceeds loss for only a
single longitudinal mode.

4. Fiber lasers

4.1. Rare earth doped optical fiber lasers

Rare earth doped optical fibers are now a well-established class of gain media with many
diverse applications that extend far from the original conceived application; namely, in-line
amplifiers [73], [74]. Erbium-doped silica fiber lasers have been use, for example, for distrib‐
uted sensing applications [75], remote sensing of magnetic fields [76], and as sources of optical
solitons for all-optical fiber-based communications networks [77]. Many of these applications
have evolved because of the advantages accrued from placing the rare earth ion in the optical
fiber host lattice. The interaction between the rare earth ion and the intrinsic electric field
associated with the host results in a broadening of the absorption and emission lineshapes
associated with the rare earth ion. It is fortuitous that the absorption bands associated with
many of the rare earth ions occur at wavelengths that are common to well-established laser
diodes. The broadening of the absorption bands removes some of the wavelength-tailoring
problems encountered with rare earth doped crystalline materials [78]. In fact, the ability to
convert the output radiation from low-cost laser diodes, which generally occurs in a low-
quality output mode with a poor frequency definition, into a high-brightness coherent source,
is beneficial to applications, such as remote sensing and fiber-based communication systems,
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transmits a constant fraction of the light as the beam, reflecting the rest back into the cavity.
This function is important in allowing the laser to reach an equilibrium state, with the power
levels both inside and outside the laser becoming constant.

Due to the fact that the light oscillates back and forth in a laser cavity, the phenomenon of
resonance becomes a factor in the amplification of laser intensity. Depending upon the
wavelength of stimulated emission and cavity length, the waves reflected from the end mirrors
will either interfere constructively and be strongly amplified, or interfere destructively and
cancel laser activity. Because the waves within the cavity are all coherent and in phase, they
will remain in phase when reflected from a cavity mirror. The waves will also be in phase upon
reaching the opposite mirror, provided the cavity length equals an integral number of
wavelengths. Thus, after making one complete oscillation in the cavity, light waves have
traveled a path length equal to twice the cavity length. If that distance is an integral multiple
of the wavelength, the waves will all add in amplitude by constructive interference. When the
cavity is not an exact multiple of the lasing wavelength, destructive interference will occur,
destroying laser action. The following equation defines the resonance condition that must be
met for strong amplification to occur in the laser cavity:

2  )(Cavity lengthN l× = × (3)

where N is an integer, and λ is the wavelength. The condition for resonance is not as critical
as it might appear because actual laser transitions in the cavity are distributed over a range of
wavelengths, termed the gain bandwidth [72]. Wavelengths of light are extremely small
compared to the length of a typical laser cavity, and in general, a complete roundtrip path
through the cavity will be equivalent to several hundred thousand wavelengths of the light
being amplified.

Resonance is possible at each integral wavelength increment and because the corresponding
wavelengths are very close, they fall within the gain bandwidth of the laser. Figure 8 illustrates
a typical example in which several resonance values of N, referred to as longitudinal modes
of the laser, fit within the gain bandwidth.

Laser beams have certain common characteristics, but also vary to a wide degree with respect
to size, divergence, and light distribution across the beam diameter. These characteristics
depend strongly upon the design of the laser cavity (resonator), and the optical system
controlling the beam, both within the cavity and upon output. Although a laser may appear
to produce a uniform bright spot of light when projected onto a surface, if the light intensity
is measured at different points within a cross section of the beam, it will be found to vary in
intensity. Resonator design also affects beam divergence, a measure of beam spreading as
distance from the laser increases. The beam divergence angle is an important factor in
calculating the beam diameter at a given distance.
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In order to obtain monochromatic or single-mode laser radiation, it is usually necessary to
insert a frequency dependent loss element (a filter) to insure that gain exceeds loss for only a
single longitudinal mode.

4. Fiber lasers

4.1. Rare earth doped optical fiber lasers

Rare earth doped optical fibers are now a well-established class of gain media with many
diverse applications that extend far from the original conceived application; namely, in-line
amplifiers [73], [74]. Erbium-doped silica fiber lasers have been use, for example, for distrib‐
uted sensing applications [75], remote sensing of magnetic fields [76], and as sources of optical
solitons for all-optical fiber-based communications networks [77]. Many of these applications
have evolved because of the advantages accrued from placing the rare earth ion in the optical
fiber host lattice. The interaction between the rare earth ion and the intrinsic electric field
associated with the host results in a broadening of the absorption and emission lineshapes
associated with the rare earth ion. It is fortuitous that the absorption bands associated with
many of the rare earth ions occur at wavelengths that are common to well-established laser
diodes. The broadening of the absorption bands removes some of the wavelength-tailoring
problems encountered with rare earth doped crystalline materials [78]. In fact, the ability to
convert the output radiation from low-cost laser diodes, which generally occurs in a low-
quality output mode with a poor frequency definition, into a high-brightness coherent source,
is beneficial to applications, such as remote sensing and fiber-based communication systems,
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because it results in compact systems with low power requirements. The broadband emission
of trivalent rare earth ions allows the development of sources emitting either broad continu‐
ous-wave (CW) spectra or ultrashort pulses, as well as widely tunable narrow-linewidth
operation [73].

A fiber laser using a trivalent rare earth as the active element has the potential for very narrow
linewidth operation compared with other sources that oscillate in the same spectral regions,
such as semiconductor lasers [73]. The output radiation from a single-frequency laser is not
monochromatic, but has a finite bandwidth. The theoretical limit for the bandwidth is known
as the Schalow-Townes limit and depends on both the linewidth of an individual longitudinal
mode of the cavity and the amount of amplified spontaneous emission coupled to the oscil‐
lating longitudinal mode [22]. The cavity linewidth scales inversely with the cavity length of
the laser, and the waveguiding nature of a fiber allows cavity lengths of many meters to be
established. In comparison, the cavity length of semiconductor lasers is typically a fraction of
a centimeter. Also, the optimum linewidth that can be expected from a fiber laser is signifi‐
cantly smaller than that of a semiconductor laser, making the fiber a suitable tool for narrow-
linewidth applications [22].

Because of potential applications of multiwavelength fiber lasers, such as the fields of optical
communication, optical fiber sensing, optical component testing and microwave photonics
among other, erbium-doped fiber lasers emitting in multiple wavelengths simultaneously
have attacked much interest recently [79],[80]. The multiwavelength fiber lasers used have
various advantages such as the wavelength multiplexing operation, simple and compact
structure, low cost, and small insertion loss, etc. It is worth mentioning than another important
application of these multiwavelength fiber lasers is their use as light sources themselves in
WDM systems.

Erbium-doped fiber is rarely employed to implement a stable multiwavelength lasing at room
temperature owing to the homogeneous line-broadening property of the EDF. Over the last
decade, various approaches have been proposed to address the above issue, for example, as it
was previously pointed out in section 2.3, the EDF cooling the frequency shifting [9], the spatial
and polarization hole-burning-effect-based [81], the nonlinear effects, and the nonlinear
polarization rotation-based methods [82]. Most of these aspects have the following drawback:
they use to offer few lasing wavelengths or they use to show a rather broad linewidth.

Moreover, EDFLs can operate in several wavelength regions, ranging from visible to far
infrared. The 1.55 μm region has attracted the most attention because it coincides with the low-
loss region of silica fibers used for optical communications.

The performance of EDFLs improves considerably when they are pumped at the 0.98 or 1.48
μm wavelength because of the absence of excited-state absorption. Indeed, semiconductor
lasers operating at these wavelengths have been developed solely for the purpose of pumping
Er-doped fibers. Their use has resulted in commercial 1.55-μm fiber lasers.

EDFLs pumped at 1.48 μm also exhibit good performance. In fact, the choice between 0.98 and
1.48 μm is not always clear since each pumping wavelength has its own merits. Both have been
used for developing practical EDFLs with excellent performance characteristics [83], [84].
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An important property of continuously operating EDFLs from a practical standpoint is their
ability to provide output that is tunable over a wide range and many techniques can be used
to reduce the spectral bandwidth of tunable EDFLs [2]. Ring cavities can also be used to make
tunable or switchable EDFLs [62], [65], [85].

Besides, fiber gratings can also be used to improve the performance of EDFLs. Since 1990, when
a Bragg grating was used to realize a line width of about 1 GHz [86], fiber gratings have been
used in EDFAs for a variety of reasons [87]. The simplest configuration splices a Bragg grating
at each end of an erbium-doped fiber, forming a Fabry–Perot cavity. Such devices are called
distributed Bragg reflector (DBR) lasers. These fiber lasers can be tuned continuously while
exhibiting a narrow line width. They can also be made to oscillate in a single longitudinal mode
by decreasing the fiber length. Multiple fiber gratings can be also used to make coupled-cavity
fiber lasers. Figure 9 shows an example of the output power spectral density of a single-stage
EDFA (with two FBGs centered at 1540 and 1545nm and pump power of 90mW at 980nm. This
EDFA (Photonetics, model BT 1300) provides 13 dBm output saturation power and a maximum
35 dB small signal gain.
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Figure 9. Output power spectral density (res=0.1nm) of a single-stage EDFA with λ1=1540nm, λ2=1545nm, Pp=90mW,
L= 32 m, and λp=980nm.

Multiwavelength optical sources, capable of simultaneously emitting light at several well
defined wavelengths, are useful for WDM lightwave systems. Fiber lasers can be used for this
purpose, and numerous schemes have been developed [88]. The cavity length is made quite
small (~ 1 mm or so) since spacing between the lasing wavelengths is governed by the
longitudinal-mode spacing. A 1mm cavity length corresponds to a 100 GHz wavelength
spacing. Such fiber lasers operate as standard multimode lasers. Cooling of the doped fiber
helps to reduce the homogeneous broadening of the gain spectrum to below 0.5 nm. The gain
spectrum is then predominantly inhomogeneously broadened, resulting in multimode
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because it results in compact systems with low power requirements. The broadband emission
of trivalent rare earth ions allows the development of sources emitting either broad continu‐
ous-wave (CW) spectra or ultrashort pulses, as well as widely tunable narrow-linewidth
operation [73].

A fiber laser using a trivalent rare earth as the active element has the potential for very narrow
linewidth operation compared with other sources that oscillate in the same spectral regions,
such as semiconductor lasers [73]. The output radiation from a single-frequency laser is not
monochromatic, but has a finite bandwidth. The theoretical limit for the bandwidth is known
as the Schalow-Townes limit and depends on both the linewidth of an individual longitudinal
mode of the cavity and the amount of amplified spontaneous emission coupled to the oscil‐
lating longitudinal mode [22]. The cavity linewidth scales inversely with the cavity length of
the laser, and the waveguiding nature of a fiber allows cavity lengths of many meters to be
established. In comparison, the cavity length of semiconductor lasers is typically a fraction of
a centimeter. Also, the optimum linewidth that can be expected from a fiber laser is signifi‐
cantly smaller than that of a semiconductor laser, making the fiber a suitable tool for narrow-
linewidth applications [22].

Because of potential applications of multiwavelength fiber lasers, such as the fields of optical
communication, optical fiber sensing, optical component testing and microwave photonics
among other, erbium-doped fiber lasers emitting in multiple wavelengths simultaneously
have attacked much interest recently [79],[80]. The multiwavelength fiber lasers used have
various advantages such as the wavelength multiplexing operation, simple and compact
structure, low cost, and small insertion loss, etc. It is worth mentioning than another important
application of these multiwavelength fiber lasers is their use as light sources themselves in
WDM systems.

Erbium-doped fiber is rarely employed to implement a stable multiwavelength lasing at room
temperature owing to the homogeneous line-broadening property of the EDF. Over the last
decade, various approaches have been proposed to address the above issue, for example, as it
was previously pointed out in section 2.3, the EDF cooling the frequency shifting [9], the spatial
and polarization hole-burning-effect-based [81], the nonlinear effects, and the nonlinear
polarization rotation-based methods [82]. Most of these aspects have the following drawback:
they use to offer few lasing wavelengths or they use to show a rather broad linewidth.

Moreover, EDFLs can operate in several wavelength regions, ranging from visible to far
infrared. The 1.55 μm region has attracted the most attention because it coincides with the low-
loss region of silica fibers used for optical communications.

The performance of EDFLs improves considerably when they are pumped at the 0.98 or 1.48
μm wavelength because of the absence of excited-state absorption. Indeed, semiconductor
lasers operating at these wavelengths have been developed solely for the purpose of pumping
Er-doped fibers. Their use has resulted in commercial 1.55-μm fiber lasers.

EDFLs pumped at 1.48 μm also exhibit good performance. In fact, the choice between 0.98 and
1.48 μm is not always clear since each pumping wavelength has its own merits. Both have been
used for developing practical EDFLs with excellent performance characteristics [83], [84].
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An important property of continuously operating EDFLs from a practical standpoint is their
ability to provide output that is tunable over a wide range and many techniques can be used
to reduce the spectral bandwidth of tunable EDFLs [2]. Ring cavities can also be used to make
tunable or switchable EDFLs [62], [65], [85].

Besides, fiber gratings can also be used to improve the performance of EDFLs. Since 1990, when
a Bragg grating was used to realize a line width of about 1 GHz [86], fiber gratings have been
used in EDFAs for a variety of reasons [87]. The simplest configuration splices a Bragg grating
at each end of an erbium-doped fiber, forming a Fabry–Perot cavity. Such devices are called
distributed Bragg reflector (DBR) lasers. These fiber lasers can be tuned continuously while
exhibiting a narrow line width. They can also be made to oscillate in a single longitudinal mode
by decreasing the fiber length. Multiple fiber gratings can be also used to make coupled-cavity
fiber lasers. Figure 9 shows an example of the output power spectral density of a single-stage
EDFA (with two FBGs centered at 1540 and 1545nm and pump power of 90mW at 980nm. This
EDFA (Photonetics, model BT 1300) provides 13 dBm output saturation power and a maximum
35 dB small signal gain.
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Figure 9. Output power spectral density (res=0.1nm) of a single-stage EDFA with λ1=1540nm, λ2=1545nm, Pp=90mW,
L= 32 m, and λp=980nm.

Multiwavelength optical sources, capable of simultaneously emitting light at several well
defined wavelengths, are useful for WDM lightwave systems. Fiber lasers can be used for this
purpose, and numerous schemes have been developed [88]. The cavity length is made quite
small (~ 1 mm or so) since spacing between the lasing wavelengths is governed by the
longitudinal-mode spacing. A 1mm cavity length corresponds to a 100 GHz wavelength
spacing. Such fiber lasers operate as standard multimode lasers. Cooling of the doped fiber
helps to reduce the homogeneous broadening of the gain spectrum to below 0.5 nm. The gain
spectrum is then predominantly inhomogeneously broadened, resulting in multimode
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operation through spectral hole burning. Long cavities with several meters of doped fibers can
also be used. Wavelength selection is then made using an intracavity comb filter such as a
Fabry–Perot interferometer.

Many other rare-earth ions can be used to make fiber lasers. Holmium, samarium, thulium,
and ytterbium have been used in nearly simultaneous experiments to make fiber lasers
emitting at wavelengths ranging from visible to infrared. Attention later shifted to Pr3+ ions
in an attempt to realize fiber lasers and amplifiers operating at 1.3 μm. Pr-doped fiber lasers
can also operate at 1.05 μm. Thulium-doped fiber lasers have attracted considerable attention
because of their potential applications. Operation at several other important wavelengths can
be realized by using fluoride fibers as a host in place of silica fibers.

Holmium-doped fiber lasers have attracted attention because they operate near 2 μm, a
wavelength useful for medical and other eye-safe applications. Thulium codoping permits
these lasers to be pumped with GaAs lasers operating near 0.8 μm. Ytterbium-doped fiber
lasers, operating near 1.01 μm and tunable over 60 nm, were first made in 1988 [89]. In 1992,
the use of fluoride fibers as the host medium provided output powers of up to 100 mW. In a
later experiment, more than 200-mW power with a quantum efficiency of 80% was obtained
from a silica-based Yb-doped fiber laser pumped at 869 nm [90].

4.1.1. Single longitudinal mode operation

A number of schemes have also been demonstrated to show single-longitudinal mode (SLM),
using such schemes as a multi-ring cavity with a band pass filter [31], a tunable fiber Bragg
grating (FBG) Fabry-Perot etalon [32] and a saturable absorber with a tunable FBG [33]. In
addition to this, it has been experimentally demonstrated [36] that the beat frequencies
corresponding to the multimode lasing disappeared when saturable absorber (an optimized
length of unpumped EDF) is introduced.

Even when single-mode regime is achieved, these lasers suffer from multi-gigahertz mode
hopping. However these rings are at least several meters long so thermally induced hops to
adjacent cavity modes still occur. An alternative approach is to use gratings, or distributed
Bragg reflectors (DBR), in a linear cavity. These can be fabricated directly into an optical fiber
through refractive index changes induced by short wavelength radiation to provide both
optical feedback and wavelength selectivity [91]. Such a linear laser must possess better
wavelength selectivity than a ring to overcome spatial hole burning. However, because the
cavity losses can be so low, the resonator can potentially be made much shorter and with
greater finesse. Singlemode operation has been reported in erbium-doped fiber DBR lasers
with cavity lengths of 50cm [91] and 10cm [87]. To assure that the singlemode operation is
robust, the cavity should be sufficiently short such that the mode spacing is comparable to the
grating bandwidth.

On the other hand, and as reported in [92], a SLM fiber ring laser can be made to annihilate
the mode competition with an auxiliary lasing. Owing to the interaction of the seed light
produced from one channel to the other one and vice versa, multiple-longitudinal-mode
oscillation can be suppressed, and thus the mode competition and mode hopping is not
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produced. Therefore, the laser oscillation is rather stable. In a single-wavelength operation of
these lasers, has been experimentally demonstrated that multiple longitudinal modes are
supported by the cavity. However, for similar pumping levels, a single-mode operation of the
laser when we emit simultaneously several wavelengths using a special ring cavity configu‐
ration has been achieved [85]. The stable SLM operation is guaranteed if the output power of
both channels is similar. This implies that it is possible to avoid the utilization of additional
optical filtering techniques (that reduce the optical efficiency) to achieve the SLM operation.

4.1.2. Applications of single frequency fiber lasers

The narrow linewidhs and excellent frequency noise characteristics of single-frequency fiber
lasers make them ideal form many applications. One key area for which the fiber geometry is
attractive is remote sensing. The advent of fiber lasers based on Bragg reflectors has triggered
a revolution in sensing applications, making possible, for example, the ustrasensitive detection
of strain and magnetic fields. The narrowband reflection of the Bragg reflector meant that only
a small precentage of the incident signal was reflected by the device, resulting in difficulties
in extracting the optical signal from the background noise. The ability to incorporate Bragg
gratings into fiber lasers has allowed the development of high-power (> 1mW) sensitive optical
sensors and alleviated these signal to noise problems [73].

Several approaches have been investigated to developed fiber laser based strain sensors [93].
Also, cavities for narrow-linewidth fiber lasers can be made with matched pairs of fiber Bragg
reflectors. These lasers have been employed to produce both single point and multipoint
sensors [94]. Instead of using the Bragg reflector to sense the environmental change, the actual
laser acts as the sensor. As it is well known, a change in the optical path length induces a change
in the frequency, so by monitoring the wavelength change the environmental perturbation can
be monitored. The multipoint sensor consists of a series of fiber lasers made from Bragg
reflectors peaking at different wavelengths. In addition to this, magnetic fields can be detected
using an active fiber laser sensor [76]. A single frequency fiber laser was attached to a magne‐
tostrictive element. This element exhibits a quadratic dependence to the applied field, and it
can be used to detect either AC or DC magnetic fields [73].

The foregoing sensors rely on changes in laser wavelength to provide information on the
perturbation applied to the active sensor. The polarization properties of fiber lasers can be also
be exploited to produce a sensor. Dual-frequency operation can be obtained in narrow-
linewidth fiber lasers by exiting the orthogonal polarization axes of the weakly birefringent
laser cavity. Because the refractive indices associated with polarization axes are different, the
oscillating frequencies of the two modes are also different. Detection of these two frequencies
result in a beat note at the detector. By applying to the cavity a perturbation that alters its
birefringence, the beat frequency changes, and by monitoring this frequency change the
applied perturbation can be quantified.

The need for a suitable standard close to 1.5 μm is driven by the use of narrow-linewidth lasers
for wavelength multiplexed communication systems. In general, the light sources used for
these systems have been distributed feedback semiconductor lasers. However, it has been
demonstrated that narrow-linewidth fiber lasers are a potentially suitable replacement [73].
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operation through spectral hole burning. Long cavities with several meters of doped fibers can
also be used. Wavelength selection is then made using an intracavity comb filter such as a
Fabry–Perot interferometer.

Many other rare-earth ions can be used to make fiber lasers. Holmium, samarium, thulium,
and ytterbium have been used in nearly simultaneous experiments to make fiber lasers
emitting at wavelengths ranging from visible to infrared. Attention later shifted to Pr3+ ions
in an attempt to realize fiber lasers and amplifiers operating at 1.3 μm. Pr-doped fiber lasers
can also operate at 1.05 μm. Thulium-doped fiber lasers have attracted considerable attention
because of their potential applications. Operation at several other important wavelengths can
be realized by using fluoride fibers as a host in place of silica fibers.

Holmium-doped fiber lasers have attracted attention because they operate near 2 μm, a
wavelength useful for medical and other eye-safe applications. Thulium codoping permits
these lasers to be pumped with GaAs lasers operating near 0.8 μm. Ytterbium-doped fiber
lasers, operating near 1.01 μm and tunable over 60 nm, were first made in 1988 [89]. In 1992,
the use of fluoride fibers as the host medium provided output powers of up to 100 mW. In a
later experiment, more than 200-mW power with a quantum efficiency of 80% was obtained
from a silica-based Yb-doped fiber laser pumped at 869 nm [90].

4.1.1. Single longitudinal mode operation

A number of schemes have also been demonstrated to show single-longitudinal mode (SLM),
using such schemes as a multi-ring cavity with a band pass filter [31], a tunable fiber Bragg
grating (FBG) Fabry-Perot etalon [32] and a saturable absorber with a tunable FBG [33]. In
addition to this, it has been experimentally demonstrated [36] that the beat frequencies
corresponding to the multimode lasing disappeared when saturable absorber (an optimized
length of unpumped EDF) is introduced.

Even when single-mode regime is achieved, these lasers suffer from multi-gigahertz mode
hopping. However these rings are at least several meters long so thermally induced hops to
adjacent cavity modes still occur. An alternative approach is to use gratings, or distributed
Bragg reflectors (DBR), in a linear cavity. These can be fabricated directly into an optical fiber
through refractive index changes induced by short wavelength radiation to provide both
optical feedback and wavelength selectivity [91]. Such a linear laser must possess better
wavelength selectivity than a ring to overcome spatial hole burning. However, because the
cavity losses can be so low, the resonator can potentially be made much shorter and with
greater finesse. Singlemode operation has been reported in erbium-doped fiber DBR lasers
with cavity lengths of 50cm [91] and 10cm [87]. To assure that the singlemode operation is
robust, the cavity should be sufficiently short such that the mode spacing is comparable to the
grating bandwidth.

On the other hand, and as reported in [92], a SLM fiber ring laser can be made to annihilate
the mode competition with an auxiliary lasing. Owing to the interaction of the seed light
produced from one channel to the other one and vice versa, multiple-longitudinal-mode
oscillation can be suppressed, and thus the mode competition and mode hopping is not
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produced. Therefore, the laser oscillation is rather stable. In a single-wavelength operation of
these lasers, has been experimentally demonstrated that multiple longitudinal modes are
supported by the cavity. However, for similar pumping levels, a single-mode operation of the
laser when we emit simultaneously several wavelengths using a special ring cavity configu‐
ration has been achieved [85]. The stable SLM operation is guaranteed if the output power of
both channels is similar. This implies that it is possible to avoid the utilization of additional
optical filtering techniques (that reduce the optical efficiency) to achieve the SLM operation.

4.1.2. Applications of single frequency fiber lasers

The narrow linewidhs and excellent frequency noise characteristics of single-frequency fiber
lasers make them ideal form many applications. One key area for which the fiber geometry is
attractive is remote sensing. The advent of fiber lasers based on Bragg reflectors has triggered
a revolution in sensing applications, making possible, for example, the ustrasensitive detection
of strain and magnetic fields. The narrowband reflection of the Bragg reflector meant that only
a small precentage of the incident signal was reflected by the device, resulting in difficulties
in extracting the optical signal from the background noise. The ability to incorporate Bragg
gratings into fiber lasers has allowed the development of high-power (> 1mW) sensitive optical
sensors and alleviated these signal to noise problems [73].

Several approaches have been investigated to developed fiber laser based strain sensors [93].
Also, cavities for narrow-linewidth fiber lasers can be made with matched pairs of fiber Bragg
reflectors. These lasers have been employed to produce both single point and multipoint
sensors [94]. Instead of using the Bragg reflector to sense the environmental change, the actual
laser acts as the sensor. As it is well known, a change in the optical path length induces a change
in the frequency, so by monitoring the wavelength change the environmental perturbation can
be monitored. The multipoint sensor consists of a series of fiber lasers made from Bragg
reflectors peaking at different wavelengths. In addition to this, magnetic fields can be detected
using an active fiber laser sensor [76]. A single frequency fiber laser was attached to a magne‐
tostrictive element. This element exhibits a quadratic dependence to the applied field, and it
can be used to detect either AC or DC magnetic fields [73].

The foregoing sensors rely on changes in laser wavelength to provide information on the
perturbation applied to the active sensor. The polarization properties of fiber lasers can be also
be exploited to produce a sensor. Dual-frequency operation can be obtained in narrow-
linewidth fiber lasers by exiting the orthogonal polarization axes of the weakly birefringent
laser cavity. Because the refractive indices associated with polarization axes are different, the
oscillating frequencies of the two modes are also different. Detection of these two frequencies
result in a beat note at the detector. By applying to the cavity a perturbation that alters its
birefringence, the beat frequency changes, and by monitoring this frequency change the
applied perturbation can be quantified.

The need for a suitable standard close to 1.5 μm is driven by the use of narrow-linewidth lasers
for wavelength multiplexed communication systems. In general, the light sources used for
these systems have been distributed feedback semiconductor lasers. However, it has been
demonstrated that narrow-linewidth fiber lasers are a potentially suitable replacement [73].
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5. Raman lasers

Raman fiber lasers (RFLs) are attractive light sources for generating laser light at wavelengths
which are difficult to obtain with other lasers. One of the most significant characteristics of
these lasers is versatility in terms of wavelength, since Raman gain is achievable throughout
the complete window of transparency of silica (300-2200nm). Providing that a suitable high
power pump is provided, the Raman amplification process can be cascaded several times [95]
allowing lasing in a broad wavelength range. Such wavelength versatility cannot be achieved
using traditional lasers based on rare-earth-doping that have limited emission bands not
broader than a few tens of nanometers. The nonuniform nature of the Raman gain spectrum
is of concern for wavelength-division-multiplexed (WDM) lightwave systems because
different channels will be amplified by different amounts. This problem is solved in practice
by using multiple pumps at slightly different wavelengths. Each pump provides nonuniform
gain but the gain spectra associated with different pumps overlap partially. With a suitable
choice of wavelengths and powers for each pump laser, it is possible to realize nearly flat gain
profile over a considerably wide wavelength range.
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Figure 10. Measured gain evolution observed within a 50 km standard fiber transmission span for different pump
powers.

In addition to this, and besides the advantages due to distributed amplification, another merit
of the Raman amplifier is that any gain band can be tailored by proper choice of pump
wavelength. One of the main purposes of discrete Raman amplifiers is to realize an amplifier
operating in different windows than EDFA. There have been many efforts to develop discrete
Raman amplifiers operating in 1.3 [96], 1.52 [97], and 1.65 μm [98] bands. Because the interac‐
tion length of the Raman amplifier is typically orders of magnitude longer than that of EDFA,
nonlinearity, saturation, and double Rayleigh backscattering may become serious issues.

Current Developments in Optical Fiber Technology466

However, by optimizing the length of the gain fiber (see Figure 10) and using a two-stage
structure, one may be able to design discrete Raman amplifiers that are good for signal
transmissions. Raman fiber lasers have been used in several of the pioneering experiments in
distributed Raman amplification. For example, the first demonstrations of (a) capacity
upgrades using Raman amplification by Hansen et al. [99], (b) multiwavelength pumping for
large bandwidth by Rottwitt and Kidorf [100], and (c) higher order pumping by Rottwitt et al.
[101] all used single wavelength Raman fiber lasers. Many other systems’ results have also
established an RFL as a viable Raman pump source.

In long-distance FBG systems,  the most important problem is  Rayleigh scattering in the
transmission fiber connecting the FBGs and interrogator.  The noise floor of  the FBG re‐
flection spectrum is caused by Rayleigh-scattered light.  The FBG reflection spectrum de‐
tected  by  the  interrogator  decreases  and  the  power  of  the  Rayleigh-scattered  light
increases  as  the length of  the transmission fiber  increases.  When the length is  about  70
km, the signal  to noise ratio (OSNR) of  the FBG reflection spectrum becomes very low,
limiting  the  practical  length  of  the  transmission  fiber  for  FBG sensor  systems  of  about
this  length (70 Km).  A number of  long-distance remote sensing systems using multiwa‐
velength Raman lasers have been also proposed [102].

There were several methods used to improving the sensing distance of FBG-based sensor
systems [103]. Based on a tunable laser and optical amplification, a sensing distance of 100km
was achieved with a SNR of about 57 dB [104]. Takanori Saitoh et al. developed a FBG sensor
system based on EDFA, whose performance was highly dependent on the quality of the light
source and sensing distance of 230 km was obtained with a SNR of 4dB [70]. On the other hand,
Fernandez-Vallejo et al. developed an ultra-long range fiber Bragg grating sensor interrogation
system able to detect four multiplexed FBGs placed 250 km away, offering a signal to noise
ratio of 6–8 dB [104]. Due to in many applications, such as railway, oil or gas pipelines, FBG
sensor systems with even longer sensing distance are needed. Recently, a novel tunable fiber
ring laser configuration with combination of hybrid Raman amplification and EDFA has been
presented [105] to improve the sensing characteristics of the FBG-based ultra-long sensor
system. A maximum sensing distance of 300 km with an SNR of about 4 dB has been obtained.

6. Random lasers

Random lasers are miniature sources of stimulated emission in which the feedback is provided
by scattering in a gain medium [107]. Random lasers have currently evolved into a large
research field. The recent review of random lasers can be found in [108]. Since scattering
provides the feedback in random lasers, they do not require any external cavity or mirrors.
However, external mirrors enhance the performance of random laser if they are positioned
close enough to the gain medium and help to increase the feedback of stimulated emission or
the efficiency of utilization of pumping. The random laser with one mirror, which had high
transmission at the pumping wavelength and high reflection at the stimulated emission
wavelength, was demonstrated in [109]. It has been shown that the mirror helps to reduce the
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profile over a considerably wide wavelength range.
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In addition to this, and besides the advantages due to distributed amplification, another merit
of the Raman amplifier is that any gain band can be tailored by proper choice of pump
wavelength. One of the main purposes of discrete Raman amplifiers is to realize an amplifier
operating in different windows than EDFA. There have been many efforts to develop discrete
Raman amplifiers operating in 1.3 [96], 1.52 [97], and 1.65 μm [98] bands. Because the interac‐
tion length of the Raman amplifier is typically orders of magnitude longer than that of EDFA,
nonlinearity, saturation, and double Rayleigh backscattering may become serious issues.
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transmissions. Raman fiber lasers have been used in several of the pioneering experiments in
distributed Raman amplification. For example, the first demonstrations of (a) capacity
upgrades using Raman amplification by Hansen et al. [99], (b) multiwavelength pumping for
large bandwidth by Rottwitt and Kidorf [100], and (c) higher order pumping by Rottwitt et al.
[101] all used single wavelength Raman fiber lasers. Many other systems’ results have also
established an RFL as a viable Raman pump source.

In long-distance FBG systems,  the most important problem is  Rayleigh scattering in the
transmission fiber connecting the FBGs and interrogator.  The noise floor of  the FBG re‐
flection spectrum is caused by Rayleigh-scattered light.  The FBG reflection spectrum de‐
tected  by  the  interrogator  decreases  and  the  power  of  the  Rayleigh-scattered  light
increases  as  the length of  the transmission fiber  increases.  When the length is  about  70
km, the signal  to noise ratio (OSNR) of  the FBG reflection spectrum becomes very low,
limiting  the  practical  length  of  the  transmission  fiber  for  FBG sensor  systems  of  about
this  length (70 Km).  A number of  long-distance remote sensing systems using multiwa‐
velength Raman lasers have been also proposed [102].

There were several methods used to improving the sensing distance of FBG-based sensor
systems [103]. Based on a tunable laser and optical amplification, a sensing distance of 100km
was achieved with a SNR of about 57 dB [104]. Takanori Saitoh et al. developed a FBG sensor
system based on EDFA, whose performance was highly dependent on the quality of the light
source and sensing distance of 230 km was obtained with a SNR of 4dB [70]. On the other hand,
Fernandez-Vallejo et al. developed an ultra-long range fiber Bragg grating sensor interrogation
system able to detect four multiplexed FBGs placed 250 km away, offering a signal to noise
ratio of 6–8 dB [104]. Due to in many applications, such as railway, oil or gas pipelines, FBG
sensor systems with even longer sensing distance are needed. Recently, a novel tunable fiber
ring laser configuration with combination of hybrid Raman amplification and EDFA has been
presented [105] to improve the sensing characteristics of the FBG-based ultra-long sensor
system. A maximum sensing distance of 300 km with an SNR of about 4 dB has been obtained.

6. Random lasers

Random lasers are miniature sources of stimulated emission in which the feedback is provided
by scattering in a gain medium [107]. Random lasers have currently evolved into a large
research field. The recent review of random lasers can be found in [108]. Since scattering
provides the feedback in random lasers, they do not require any external cavity or mirrors.
However, external mirrors enhance the performance of random laser if they are positioned
close enough to the gain medium and help to increase the feedback of stimulated emission or
the efficiency of utilization of pumping. The random laser with one mirror, which had high
transmission at the pumping wavelength and high reflection at the stimulated emission
wavelength, was demonstrated in [109]. It has been shown that the mirror helps to reduce the
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threshold by∼25% and increase the slope efficiency by∼30%. The relatively moderate im‐
provement was explained by the fact that the mirror and the laser powder in [109] were
separated by a1 mm thick wall of the cuvette.

An intrinsic fundamental loss mechanism of an optical fiber is Rayleigh scattering (RS) [110].
When using Raman amplification besides losses due to RS there will also be losses due to
double Rayleigh scattering (DRS). The long lengths of fiber used for Raman amplification make
the Rayleigh scattering associated noise an issue. As the gain in Raman amplifiers increases so
will RS and DRS, which eventually limit the achievable gain [111]. An interesting approach in
order to diminish these losses is using this Rayleigh associated noise as an active part of the
laser. It can be used as a distributed random mirror transforming what were losses in gain in
the output signal [112], [113]. Lasers taking advantage of cooperative Rayleigh scattering as a
self-feedback mechanism of Brillouin-Rayleigh scattering have been reported [114]-[116].
Schemes have been implemented by using four-wave mixing method through the use of
reduced high nonlinear Bismuth-erbium doped fiber for Brillouin-Raman multiwavelength
lasing with comb generation [117], or high-reflectivity mirror in the linear cavity for distributed
feedback [118], [119]. Different multiwavelength Raman fiber lasers based in these same
structural setups have been recently developed: a multiwavelength Raman fiber laser based
in highly birefringent photonic crystal fiber loop mirrors combined with random mirrors [110]
or based in Sagnac structures [120], [121].

7. Other fiber lasers

Besides the fiber lasers previously pointed out, there are other fiber lasers that it is worth taking
into consideration. This subsection is devoted to show some of the most common types.

Different techniques have been used to Q-switch a fiber laser. Q-switching can be achieved
actively through the action of an electrically controlled loss modulator. It can also be carried
out passively [73]. For example, a saturable absorber placed in the cavity acts as a loss
modulator, with an intensity-dependent transmission controlled by the laser field itself. Active
Q-switching has been used preferentially with fiber lasers. Ideally, in its low-transmission state
the loss modulator should introduce a loss high as possible, to maintain the laser below
threshold while gain is built-up to high values. On the other hand, it should be as transparent
as possible in its high-transmission state, to minimize the loss it adds to the laser field. Finally,
the switching time of the loss modulator should be short enough to accommodate the rapidly
expanding laser field. A slow-opening modulator is a source of loss and can also result in
multiple pulsing [22], [122].

Mode-locked fiber lasers are capable of producing pulses with widths from close to 30 fs
to 1ns at repetition rates, ranging from less than 1 MHz to 100 GHz. This versatility, as
well  as  the compact  size of  optical  fibers,  is  quite  unique in laser  technology,  and thus
open  up  fiber  lasers  to  a  large  range  of  applications.  Indeed,  mode-locked  fiber  lasers
have been established as  a  premier source of  short  optical  pulses,  ranking equally with
semiconductor and solid-state lasers. As mode-locked fiber laser technology matured and
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these  lasers  became  commercially  available,  they  have  been  used  in  many  different
fields,  such  as  laser  radar,  all-optical  scanning  delay  lines,  nonlinear  frequency  conver‐
sion, injection-seeding, two-photon microscopes, THz generation, and optical telecommu‐
nications, just to mention the most widely publicized areas [73].

Separately, stimulated Brillouin scattering (SBS) is a nonlinear process that can occur in optical
fibers at input power levels much lower than those needed for stimulated Raman scattering
(SRS). It manifests through the generation of a backward-propagating Stokes wave that carries
most of the input power, once the Brillouin threshold is reached. For this reason, SBS limits
the channel power in optical communication systems. At the same time, it can be useful for
making fiber-based Brillouin amplifiers and lasers.

Brillouin fiber lasers consisting of a Fabry–Perot cavity exhibit features that are qualitatively
different from those making use of a ring cavity. The difference arises from the simultaneous
presence of the forward and backward propagating components associated with the pump
and Stokes waves. Higher-order Stokes waves are generated through cascaded SBS, a process
in which each successive Stokes component pumps the next-order Stokes component after its
power becomes large enough to reach the Brillouin threshold. At the same time, anti-Stokes
components are generated through four-wave mixing between copropagating pump and
Stokes waves. The number of Stokes and anti-Stokes lines depends on the pump power. Most
Brillouin fiber lasers use a ring cavity to avoid generation of multiple Stokes lines through
cascaded SBS. The performance of a Brillouin ring laser depends on the fiber length used to
make the cavity.

Considerable attention was paid during the 1990s to developing hybrid Brillouin erbium fiber
lasers capable of operating either at several wavelengths simultaneously or in a single mode,
whose wavelength is tunable over a wide range [106]. Besides the foregoing fiber lasers, some
novel FBG interrogation techniques for remote sensing using a hybrid Brillouin-Raman fiber
laser (100 km) [123] or combining Raman, Brillouin and erbium gain in a fiber laser (155 km)
[124] have experimentally demonstrated.

8. Conclusions

This work dealt with various aspects of the multiwavelength fiber lasers. These kinds of lasers
can be designed with a variety of choices for the laser cavity, because of that a brief explanation
about the suitable configuration design has been shown.

There are a number of fiber lasers with different configurations and amplification methods;
however this work has been centered on the erbium doped and Raman fiber lasers. The
importance of the multiwavelength fiber lasers has been pointed out. Some of their problems,
such as the laser output fluctuations, have been explained just as several reported stabilization
techniques.

Finally, it is worth highlighting that multiwavelength fiber lasers are the hot topic in industrial-
laser circles. They promise to revolutionize the laser industry through a disruptive combina‐
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tion of high reliability, high efficiency, low cost, and excellent beam quality. Fiber lasers are
merely the most prominent example of these technologies’ proliferation in industrial lasers.
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Chapter 18

Characterization of Optical Fibers by Multiple-Beam
Interferometry

Fouad El-Diasty

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54720

1. Introduction

Optical fibers as circular dielectric optical waveguides made of silica glass with the lowest loss
and the most carefully controlled index. Doping with impurity oxides such as Germenia
GeO2, Titania TiO2, Caesia Cs2O, Alumina Al2O3, Zirconia ZrO2 and Phosphorus pentaoxide
P2O5 rises the refractive index of pure silica in the core region. [1] Doping with Boria B2O3 or
Fluorine F inferiors the refractive index of the cladding. [2] Rare-earth ions such as ErCl3 and
Nd2O3 have been used in order to make fiber amplifiers and fiber lasers. [3] Polymer optical
fibers are also achieved with increased attention for short-haul transmission of light, although
these fibers are limited to multi-mode dimensions. [4]- [9]

In addition to the application in fast high capacity telecommunication, optical fibers are used
as sensors to measure many different quantities. [10]- [11] Fiber gratings can function as
mirrors [12], in which a forward-propagating mode guided by the fiber core couples to a
backward-propagating mode of the same type [13]. They also can be used as mode converters,
in which one type of guided core mode couples to different type of cladding mode. [14] Great
interest is being paid to fiber-optic devices like modulators, coupler and switches. [15]- [16]

1.1. Type of optical fibers

The structure (geometric shape and index profile) basically establishes the information
carrying capacity of the fiber and also influences the response of the fiber to environmental
perturbations. Fiber modes mean field solutions of Maxwell's equations to the transverse
boundary-value problem of waves that propagate without changing shape along the fiber
optical axis. In case of a single-mode fiber, the fiber sustains only one mode of propagation,
whereas the total number of modes M in case of multi-mode step-index fiber is given by [17]

© 2013 El-Diasty; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 El-Diasty; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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while in case of parabolic multi-mode GRIN fiber, the number of modes is given by:
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where V is the normalized frequency which can be defined as:
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Here a is the core radius, λ is the wavelength of propagated light and N.A is the numerical
aperture which is defined as:
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where nco and ncl are the core and cladding indices, respectively. Higher number of propagated
modes means higher mode dispersion and hence lower data rate and less efficient transmis‐
sion. This gives the reason why the single-mode fibers are preferable in very high speed
telecommunication.

The refractive index profile of graded-index (GRIN) fiber is classified by two-system param‐
eters which are giving by
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where r is the radial distance, and α is a parameter that describes the shape of the core index
profile. Δn is a measure of the index difference between the peak refractive index at the core
center n(0) and the cladding refractive index. For the single-mode fiber, Δn is usually in the
range of 0.2% < Δn < 1.5%; but for multi-mode fiber, the typical range is 1% < Δn < 3%.

1.2. Dispersion and pulse propagation in optical fibers

Since the fiber is carrying a time-varying signals that comprise of multiple frequency compo‐
nents, so the chromatic dispersion must be considered. A medium exhibits chromatic disper‐
sion if the propagation constant (the logarithmic rate of change with respect to the distance in
a given direction of the complex amplitude of the field component) for a wave or mode varies
nonlinearly with frequency. Signal distortion caused by group-velocity dispersion occurs as
the different frequency components of the signal travel with different group velocities. Thus
the signal components emerg from the medium with different relative time delay. Chromatic
dispersion in a single-mode of optical is caused by two dependent sources:

• Material Dispersion; the refractive indices of the materials that make up the fiber waveguide
depend on the optical frequency or wavelength (i.e., nco = nco (λ) and ncl = ncl (λ)).

• Waveguide Dispersion; the effective-index of each waveguide-mode depends on the
frequency or wavelength due to frequency dependence of the mode dispersion relation (i.e.,
neff = neff (λ)).

Material dispersion is compensated by waveguide dispersion described by the index profile.
[18]- [19]

2. Characterization of optical fibers

Characterization of optical fibers means determination of both the fiber numerical aperture
and the normalized frequency. This of course requires precise and sensitive measurements of
very important parameters such as the index profile of both of core and cladding, index
difference Δn, and the profile shaping parameter α as in case of GRIN fiber. Many of the fiber
properties such as the cutoff wavelength, connection losses, and launching efficiency are
determined by the refractive index profile. Also different fiber parameters can be measured
from the index profile such as the induced-birefringence in optical fibers (due to external
mechanical perturbations like elongation or bending of fibers [20]- [24]) or due to irradiation
of the waveguide. [25]- [32] Another fiber parameters such as acceptance angle, dispersion per
unit length and modal dispersion are functions of the fiber index and they need a precise
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measurement of the fiber index profiles. [17] As a result different methods and techniques for
characterizing optical fibers and for determining their refractive indices have been developed.

2.1. Methods for investigation the structure and index of optical fibers

Various methods are reported and applied to characterize optical fibers. They are mainly:

1. Optical microscopy [33]- [34],

2. Scanning electron microscopy [35],

3. Transmission electron microscopy;

4. X-ray spectrometry [36],

5. Infrared spectroscopy [37],

6. Speckle interferometry [38], [39],

7. Reflection method [40],

8. Quarter wave plate method [24],

9. Two-beam interference microscopy [41],

10. Multiple-beam interference,

11. Tomographic back projection [42].

12. Laser Sheet of light and lens-fiber interferometer. [43]- [47]

13. Diffraction techniques. [48]- [50]

Among them, the most reliable and precise technique is the interferometric method. [41] From
the obtained interferogram the method determines the path shift of the ray transmitted
through the fiber sample (the fiber is considered as a phase object). The method resolves
relatively the fiber structure in detail with a higher resolution giving more quantitative and
qualitative results.

3. Interferometry

Superposition of two or more coherent waves (beams) originating from the same source, but
traveling different paths, results dark and bright interference fringes. A bright fringe will be
observed if the path difference between the interfering beams equals an integer number of
wavelength. The beams, being in phase, reinforce each other and a constructive interference
occurs. Destructive interference occurs and a dark fringe result if the interfering beams are
180° out of phase or half an integer number of wavelength. Thus, the interferograme is
considered as a distribution of intensity and phase. Interferometers are classified by the
number of interfering beams. There are; a) two-beam interferometers (TBI) or b) multiple-beam
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interferometers (MBI). Semi transparent mirror or beam splitter is used to separate the beams
and to produce the interfering beams.

Amplitude objects vary in their light absorption with respect to surrounding medium. They
do also refraction and deviation to the light beam passing through them. In contrast, phase
objects produce no variation in light intensity but differ merely from the surrounding medium
by their optical thickness. Optical thickness is the multiplication of refractive index of the object
n by the object's metric thickness t. Application of interferometry in the field of optical fiber
research considers primarily the optical fiber waveguides as a phase object. So, the variations
in the fiber refractive index or its thickness, or both do shifts in the fringe position which can
be measured to get information about the fiber structure.

3.1. Two-beam interferometers

The main interferometers that were developed utilizing the two-beam interference technique
are; Michelson interferometer, Twyman-Green interferometer, Mach-Zehnder interferometer,
Nomarski interferometer, Pluta polarizing interference microscope, Interphako interference
microscope, and Baker, Dyson, Leitz, and Zeiss-Linnik interference microscopes. [51]- [54] As
in Michelson interferometer, the two interfering beams have equal amplitudes but they differ
in phase (δ). The resultant intensity distribution (I) follows a cosine square law given by:

2cos
2

I I dæ ö
= ç ÷

è ø
o (9)

The fiber under study is placed in quartz cell filled with an immersion liquid of uniform and
known refractive index. The fiber is introduced into the path of one of the interfering beams.
If the fiber axis is chosen as the z-axis while the x-axis is perpendicular the axis fiber, the
equation that describes the fringe shift due to the existence of an optical fiber inside the
interferometer is given by:

( )( ) ( )( )1 2 1 22 2 2 22
cl L cl co L co

zz n n r x n n r x
l
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(10)

where Δz is the interfringe spacing (free spectral range between two adjacent fringes) and nL

is the refractive index of immersion liquid.

If n II  and n ⊥ are the mean refractive indices of the fiber for plane polarized light vibrating in
two planes parallel and perpendicular to the fiber z-axis respectively, then both of n II  and n ⊥

and the index difference Δn, for fiber with irregular and/or non-irregular transverse sections,
are given by:
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objects produce no variation in light intensity but differ merely from the surrounding medium
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be measured to get information about the fiber structure.
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where A and F are the mean cross sectional area of the fiber and the area under the fringe shifts.

According to the interferometric slab method [55]- [64], a thin slab of thickness 0.1 - 0.5 mm is
cut out perbendicular to the fiber optic axis remaining the thickness t of the slab constant over
the entire slab area to within a fraction of the wavelength of light. To measure the index profile
of the fiber, the slab is placed in one arm of an interference microscope, and a reference slab
with a refractive index equals the cladding index is placed in the second arm of the microscope.
If the two mirrors are slightly inclined, a system of equally spaced fringes with two-beam
intensity distribution is formed, see Fig. 1. The core refractive index can be described by:

 ( , )( , ) cl
λ z x yn x y n

t z
l

= +
D

(14)

Figure 1. (a) A two-beam single-pass interference microscope. L is the incident light, M1, M2, M3, and M4 are mirrors. S
is the slab, R is the reference slab, O1 and O2 are microscope objectives. A, B, C, and D are semi-transparent mirrors. (b)
A slab of thickness t for a graded-index core with a cladding of refractive index n2. (c) Interferogram in which the
fringe shift Z(x, y) in the core region is a function of point position x, y is shown.
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Transverse two-beam interference technique [65]- [80] applied to study optical fibers requires
the light to be incident perpendicular to the fiber axis. The fiber is immersed in a matching
liquid whose refractive index is nearly equal to that of the fiber cladding. The technique avoids
the time consuming for sample preparation which is needed in the slab method. The propa‐
gation problem associated with the reflection technique can be avoided.

Barakat et al. [81] used a Zeiss-Linnik as a two-beam interferometer to obtain interferograms
of fusion-spliced fibers. A common feature is the presence of buckling of the fiber material on
both sides of the splicing point. This resulted from the fusion splicing process. Their heights
ranged from 1 to 10 μm, some 300 μm apart for graded-index fibers of 50 μm core and 125 μm
cladding diameters. The power loss resulting from fusion splicing for the specimens examined
interferometricaly is measured. It is found that the greater the buckling, the greater the power
loss. A height of 2λ or less (λ = 535 nm) gave no detectable loss.

White-light spectral interferometric technique employing a low-resolution spectrometer is
used to measure intermodal dispersion for LP01

x  and LP11
x modes of elliptical-core optical fibers

in a spectral range approximately from 540 to 870 nm. [82] The technique utilizes a tandem
configuration of a Michelson interferometer and an optical fiber to measure the equalization
wavelengths as a function of the optical path difference (OPD) between beams of the interfer‐
ometer, or equivalently, the wavelength dependence of the intermodal group OPD in the
optical fiber.

3.2. Multiple-beam interference

Multiple-beam interferometer is a device utilizes the fringes produced after multiple reflection
in air film between two plates (mirrors) that thinly silvered onto their inner surfaces. The
fringes (Fizeau fringes) in this case are much narrower than that in case of two-beam interfer‐
ence. This narrowing in the multiple-beam interference fringes gives more resolution for the
spectroscopic measurements and also provides the ability to study the fine details of studied
fibers and their inner structure. Fabry-Perot interferometer is an example of the multiple-beam
Fizeau fringes. The two mirrors are parallel to each other to form an inner air film of constant
thickness (i.e., etalon). The types of multiple-beam interference fringes that usually applied to
optical fibers are:

1. multiple-beam Fizeau fringes in transmission characterized by sharp bright fringes on a
dark background,

2. multiple-beam Fizeau fringes at reflection characterized by sharp dark fringes on a bright
background,

3. multiple-beam fringes of equal chromatic order both in transmission and at reflection.

The theoretical expression for the intensity of the fringes was given by Airy in 1831. [83] The
intensity distribution of the fringe system has the following general expression [41]
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where A and F are the mean cross sectional area of the fiber and the area under the fringe shifts.

According to the interferometric slab method [55]- [64], a thin slab of thickness 0.1 - 0.5 mm is
cut out perbendicular to the fiber optic axis remaining the thickness t of the slab constant over
the entire slab area to within a fraction of the wavelength of light. To measure the index profile
of the fiber, the slab is placed in one arm of an interference microscope, and a reference slab
with a refractive index equals the cladding index is placed in the second arm of the microscope.
If the two mirrors are slightly inclined, a system of equally spaced fringes with two-beam
intensity distribution is formed, see Fig. 1. The core refractive index can be described by:
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Figure 1. (a) A two-beam single-pass interference microscope. L is the incident light, M1, M2, M3, and M4 are mirrors. S
is the slab, R is the reference slab, O1 and O2 are microscope objectives. A, B, C, and D are semi-transparent mirrors. (b)
A slab of thickness t for a graded-index core with a cladding of refractive index n2. (c) Interferogram in which the
fringe shift Z(x, y) in the core region is a function of point position x, y is shown.
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Transverse two-beam interference technique [65]- [80] applied to study optical fibers requires
the light to be incident perpendicular to the fiber axis. The fiber is immersed in a matching
liquid whose refractive index is nearly equal to that of the fiber cladding. The technique avoids
the time consuming for sample preparation which is needed in the slab method. The propa‐
gation problem associated with the reflection technique can be avoided.

Barakat et al. [81] used a Zeiss-Linnik as a two-beam interferometer to obtain interferograms
of fusion-spliced fibers. A common feature is the presence of buckling of the fiber material on
both sides of the splicing point. This resulted from the fusion splicing process. Their heights
ranged from 1 to 10 μm, some 300 μm apart for graded-index fibers of 50 μm core and 125 μm
cladding diameters. The power loss resulting from fusion splicing for the specimens examined
interferometricaly is measured. It is found that the greater the buckling, the greater the power
loss. A height of 2λ or less (λ = 535 nm) gave no detectable loss.

White-light spectral interferometric technique employing a low-resolution spectrometer is
used to measure intermodal dispersion for LP01

x  and LP11
x modes of elliptical-core optical fibers

in a spectral range approximately from 540 to 870 nm. [82] The technique utilizes a tandem
configuration of a Michelson interferometer and an optical fiber to measure the equalization
wavelengths as a function of the optical path difference (OPD) between beams of the interfer‐
ometer, or equivalently, the wavelength dependence of the intermodal group OPD in the
optical fiber.

3.2. Multiple-beam interference

Multiple-beam interferometer is a device utilizes the fringes produced after multiple reflection
in air film between two plates (mirrors) that thinly silvered onto their inner surfaces. The
fringes (Fizeau fringes) in this case are much narrower than that in case of two-beam interfer‐
ence. This narrowing in the multiple-beam interference fringes gives more resolution for the
spectroscopic measurements and also provides the ability to study the fine details of studied
fibers and their inner structure. Fabry-Perot interferometer is an example of the multiple-beam
Fizeau fringes. The two mirrors are parallel to each other to form an inner air film of constant
thickness (i.e., etalon). The types of multiple-beam interference fringes that usually applied to
optical fibers are:

1. multiple-beam Fizeau fringes in transmission characterized by sharp bright fringes on a
dark background,

2. multiple-beam Fizeau fringes at reflection characterized by sharp dark fringes on a bright
background,

3. multiple-beam fringes of equal chromatic order both in transmission and at reflection.

The theoretical expression for the intensity of the fringes was given by Airy in 1831. [83] The
intensity distribution of the fringe system has the following general expression [41]
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where A, B and C are constants depend on the used system. r2
2 and r3

2 are the fractions of light
intensity reflected at the inner layers (glass/metal/medium and medium/metal/glass). Also t1

2

and t2
2 are the fractions of light intensity transmitted through the metallic layers for the upper

and lower mirrors, respectively. Whereas Δ is the phase difference between any successive
beams.

3.2.1. Silvered wedge interferometer

Tolansky [84] carried out analysis for the conditions needed to produce multiple-beam
localized Fizeau fringes using a wedge interferometer. The successively multiple-reflected
beams are not in phase in exact arithmetic series. The phase lag of the multiple-reflected beams
from the arithmetic series with normal incidence is equal to [42]

3 24  
3

m dd e= (17)

where ε is the angle of the wedge, m is the order of the beam, and d is the interferometric gap
thickness. To secure the Airy sum condition, the interferometric gap thickness d and the wedge
angle ε must be small. The permitted limit to the phase lag (retardation) is equal to λ/2 which
gives the upper limit values of d and ε. Barakat and Mokhtar [85] found out the permitted limit
which gives the maximum intensity to be λ / 8 which inturn brings down the upper limit of d.

3.3. Theory of transverse multiple-beam Fizeau fringes

Since the pioneer work of Barakat [86] utilizing multiple-beam Fizeau fringes to study fibers
of circular cross section and composed of single and double layers, and the Fizeau interfer‐
ometry has wide applications in the fiber researches. The following section is concerned with
the mathematical equation of a family of Fizeau fringes across a graded-index optical fiber.
The fiber is assumed to be of a perfectly circular cross section. The fiber axis is introduced in
a silvered liquid wedge and the fiber is adjusted perpendicular to the apex. Both the wedge
angle and the interferometric gap should be kept small to reduce the phase lag between
successive beams to produce the sharpest fringes. A parallel beam of monochromatic light
presented by AB and CD is incident normal to the lower mirror of the wedge. The Fiber axis
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is chosen as the z-axis, and the edge of the wedge is parallel to the x-axis, see Fig. 2. For the

optical path length (OPL) of the ray AB [87]

Figure 2. Cross section in a silvered liquid wedge interferometer with graded-index optical fiber of variable index core
n(r). A schematic representation of the resulting fringes is shown.
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where t is the interferometric gap thickness and n(r) is the core index which is defined by Eq.

(5). For index difference Δn << 1, therefore
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On a fringe of order of interference N,
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For t = z tan ε
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is chosen as the z-axis, and the edge of the wedge is parallel to the x-axis, see Fig. 2. For the
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Figure 2. Cross section in a silvered liquid wedge interferometer with graded-index optical fiber of variable index core
n(r). A schematic representation of the resulting fringes is shown.
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Transforming to the point (0, Nλ/2nL tanε) it gives
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The fringe spacing between any two consecutive fringes in the liquid region and is equal to
λ/2nL tanε. If z is the fringe shift of the Nth order in the fiber region from its position in the
liquid region, this leads to
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This gives the required equation giving (z/Δz) for any value of x1 where 0 ≤  x1 ≤  a in terms of
Δn and α. Substituting for x1 = 0 gives the following expression
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where tco = 2a and tf = 2y2.

In contrast with the case of step-index fibers when α =∞, the following equation can be given:
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Fig. 3 illustrates an interferogram of Fizeau fringe in case of straight fiber immersed in a
matching liquid and non-matching one. While in the second case the liquid index is less than
that of fiber cladding. It could be seen that, the refractive index profile of the cladding of a
straight fiber is symmetric at each point across the fiber cross section. Instead of measuring the
fringe shift, the refractive index of a regular multi-layer fiber can be measured by another
method developed by Hamza et al. [86] where it depends on measuring the enclosed area
under the interference fringe shift Fm of mth fiber layer and the mathematical expression is
given by:
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where j is the number of layers and Aj,m is the cross-sectional area of the fiber layers that is
defined as
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(a) 

(b) 

Figure 3. Interferograms of Fizeau fringe shape in case of straight fiber immersed in; (a) non-matching liquid and (b)
matching liquid.

The advantage of this method is the ability to determine the refractive indices of fibers which
have irregular cross-sections, where the optical properties of multiple-skin fibers of elliptical
and rectangular cross sections are obtained. [88]- [91]

The minimum variance technique is used to calculate both α and Δn from the fringe shift. [92]
The effect of the immersion liquid on the shape of the fringes crossing the core and the cladding
has been dealt with to examine the fiber cladding and its index homogeneity, presenting a
method to control the process of cladding production. [93] Barakat et al. [94] studied also the
existence of successive layers forming a graded-index fiber core. Both thickness and approxi‐
mate refractive index graded from one layer to another have been estimated. The fiber is found
to be formed from a succession of step-index layers, n(r), which remains constant over the
interval thickness Δr, follows the known function relating n(r) with r in terms of n(r = 0) and
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The fringe spacing between any two consecutive fringes in the liquid region and is equal to
λ/2nL tanε. If z is the fringe shift of the Nth order in the fiber region from its position in the
liquid region, this leads to
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This gives the required equation giving (z/Δz) for any value of x1 where 0 ≤  x1 ≤  a in terms of
Δn and α. Substituting for x1 = 0 gives the following expression
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where tco = 2a and tf = 2y2.

In contrast with the case of step-index fibers when α =∞, the following equation can be given:
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Fig. 3 illustrates an interferogram of Fizeau fringe in case of straight fiber immersed in a
matching liquid and non-matching one. While in the second case the liquid index is less than
that of fiber cladding. It could be seen that, the refractive index profile of the cladding of a
straight fiber is symmetric at each point across the fiber cross section. Instead of measuring the
fringe shift, the refractive index of a regular multi-layer fiber can be measured by another
method developed by Hamza et al. [86] where it depends on measuring the enclosed area
under the interference fringe shift Fm of mth fiber layer and the mathematical expression is
given by:
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where j is the number of layers and Aj,m is the cross-sectional area of the fiber layers that is
defined as

1

2 2
,

m

m

r

j m m
r

A r x dx
-

= -ò (27)

 

(a) 

(b) 

Figure 3. Interferograms of Fizeau fringe shape in case of straight fiber immersed in; (a) non-matching liquid and (b)
matching liquid.

The advantage of this method is the ability to determine the refractive indices of fibers which
have irregular cross-sections, where the optical properties of multiple-skin fibers of elliptical
and rectangular cross sections are obtained. [88]- [91]

The minimum variance technique is used to calculate both α and Δn from the fringe shift. [92]
The effect of the immersion liquid on the shape of the fringes crossing the core and the cladding
has been dealt with to examine the fiber cladding and its index homogeneity, presenting a
method to control the process of cladding production. [93] Barakat et al. [94] studied also the
existence of successive layers forming a graded-index fiber core. Both thickness and approxi‐
mate refractive index graded from one layer to another have been estimated. The fiber is found
to be formed from a succession of step-index layers, n(r), which remains constant over the
interval thickness Δr, follows the known function relating n(r) with r in terms of n(r = 0) and
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α, see Fig. 4. Making an analysis to the shape of a Fizeau fringe crossing GRIN fiber to its
elements, it is found that the fringe is consist of two half ellipses and a saddle. [95] For a step-
index fiber, the elements contributing to its fringe shape are merely two half ellipses. Using a
matching liquid they could cancel the outer half ellipse in both cases. The central dip contrib‐
utes an extra half ellipse and a saddle over the dip but in reverse direction away from the
wedge apex. Canceling the cladding by using a matching liquid and measured the area
enclosed under the core shift, an exact solution of the integration which is required to get the
values of α and Δn is found. [96] An image processing system is used to analyze the multiple-
beam fringes crossing optical fiber immersed in matching and non-matching liquids. [97]

Figure 4. Shape of multi-layer core fringes, resulting from summing the contribution of each core layer in addition to
the cladding of the fiber whrn immersed in a silvered liquid wedge.
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Multiple-beam Fizeau fringes acrossing a GRIN fiber immersed in a silvered liquid wedge
together with computerized optical tomographic back projection technique are used to obtain
a three-dimensional refractive index profile of optical fiber core. [98] An opto-thermal device
attached to automate Fizeau interferometer is used to investigate the influence of temperature
on opto-thermal properties of multi-mode graded-index (GRIN) optical fiber and on fiber
strucutre in a range from 27 to 54 °C. [99]- [101] Multiple-beam interferometry (MBI) of the
Fizeau type is used to investigate multi-mode step-index optical fibers. Two different types of
multi-mode step-index optical fibers are studied. [102]- [105] The first has a plastic cladding
and silica core (the problems of studying this type of fiber and how to overcome these problems
are outlined). The second fiber is a multi-mode multi-step-index (quadruple-layer) optical
fiber.

Since the fringe shift across the fiber region is a function in the geometry of the different regions
of the fiber and the refractive index profile of the fiber, therefore theoretical models for the
fringe shift across double-clad fibers (DCFs) with rectangular, elliptical, circular, and D-shaped
inner cladding are developed. [106] An algorithm to reconstruct the linear and nonlinear terms
of the refractive index profile of the DCF is outlined where numerical examples are provided
and discussed.

Derived mathematical expressions are used to determine the fiber dip parameters such as
index difference and the dip shape parameter from interferograms of multiple-beam Fizeau
fringes crossing GRIN fibers, as shown in Fig. 5. The optical fiber is of radius rf and having a
cladding of constant refractive index ncl, a graded-index core of variable refractive index nc(r)
and radius rc and a graded-index dip of variable refractive index nd(r) and radius rd. The fiber
is immersed in a liquid of refractive index nL close to ncl. The equation represents the shape of
multiple-beam Fizeau fringes in the dip region, i.e., for a radial distance x1, where0≤ x1≤ rd , is
given by: [107]
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where Δnc =nc(rd )−ncl  and αc is a shaping parameter controlling the shape of the core index
profile. Also, Δnd =nc(rd )−nd (0)and αd is a parameter controlling the shape of the dip index
profile. Δz =λ / znL is the fringe spacing in the liquid region and z is the fringe shift in the fiber
region. In the case of GRIN optical fiber having a dip of constant refractive index nd, the
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utes an extra half ellipse and a saddle over the dip but in reverse direction away from the
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enclosed under the core shift, an exact solution of the integration which is required to get the
values of α and Δn is found. [96] An image processing system is used to analyze the multiple-
beam fringes crossing optical fiber immersed in matching and non-matching liquids. [97]
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Multiple-beam Fizeau fringes acrossing a GRIN fiber immersed in a silvered liquid wedge
together with computerized optical tomographic back projection technique are used to obtain
a three-dimensional refractive index profile of optical fiber core. [98] An opto-thermal device
attached to automate Fizeau interferometer is used to investigate the influence of temperature
on opto-thermal properties of multi-mode graded-index (GRIN) optical fiber and on fiber
strucutre in a range from 27 to 54 °C. [99]- [101] Multiple-beam interferometry (MBI) of the
Fizeau type is used to investigate multi-mode step-index optical fibers. Two different types of
multi-mode step-index optical fibers are studied. [102]- [105] The first has a plastic cladding
and silica core (the problems of studying this type of fiber and how to overcome these problems
are outlined). The second fiber is a multi-mode multi-step-index (quadruple-layer) optical
fiber.

Since the fringe shift across the fiber region is a function in the geometry of the different regions
of the fiber and the refractive index profile of the fiber, therefore theoretical models for the
fringe shift across double-clad fibers (DCFs) with rectangular, elliptical, circular, and D-shaped
inner cladding are developed. [106] An algorithm to reconstruct the linear and nonlinear terms
of the refractive index profile of the DCF is outlined where numerical examples are provided
and discussed.

Derived mathematical expressions are used to determine the fiber dip parameters such as
index difference and the dip shape parameter from interferograms of multiple-beam Fizeau
fringes crossing GRIN fibers, as shown in Fig. 5. The optical fiber is of radius rf and having a
cladding of constant refractive index ncl, a graded-index core of variable refractive index nc(r)
and radius rc and a graded-index dip of variable refractive index nd(r) and radius rd. The fiber
is immersed in a liquid of refractive index nL close to ncl. The equation represents the shape of
multiple-beam Fizeau fringes in the dip region, i.e., for a radial distance x1, where0≤ x1≤ rd , is
given by: [107]
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where Δnc =nc(rd )−ncl  and αc is a shaping parameter controlling the shape of the core index
profile. Also, Δnd =nc(rd )−nd (0)and αd is a parameter controlling the shape of the dip index
profile. Δz =λ / znL is the fringe spacing in the liquid region and z is the fringe shift in the fiber
region. In the case of GRIN optical fiber having a dip of constant refractive index nd, the
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mathematical expression of the shape of Fizeau fringes across this type of optical fiber will
take the form: [107]
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So, in case of GRIN optical fibers having no cetral index dip Eq.(28) is converted to be Eq.(23).

(a) 

(b) 

Figure 5. Multiple-beam Fizeau fringes interferogram in transmission crossing immersed GRIN fiber in a) liquid has a
small refractive index than the fiber cladding and b) matched liquid.

3.4. Fiber-index determination considering refraction due to fiber layers

Fiber that being used in telecommunication has a small numerical aperture. Therefore, the
change in optical path due to refraction must be taken in account to get an precise measurement
of the fiber index profiles. Kahl and Mylin [108] used the ray tracing method to study analyt‐
ically the effect of refractive deviation on interferograms of cylindrical and planer objects. The
results indicated that the effects are additive and classified into three categories: disturbed
deviation due to object only, misfocusing deviation and deviation in dense thick plates. The
effect of refraction on a ray crossing the fiber perpendicular to its optic axis is studied [87]- [88]
where the defocusing effect and the immersion-object index mismatch is taken into account.
[109]- [111] The fringe shift and ray deflection function has been correlated to determine
precisely the index profiles of preforms and optical fibers.
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3.5. Multiple-beam interferometry for studing bent fibers

The induced-birefringence due to bending in the cladding of single-mode optical fiber has been
investigated applying interferometric method. [112]- [128] Using wedge interferometer, the
refractive indices for plane polarized light vibrating parallel (∥ ) and perpendicular (⊥ ) to the
optic axis of a bent fiber represent the parameters that characterize the induced-birefringence
(β) where the induced-birefringence is is given by:

n nb ^= - (30)

Considering the photo-elastic theory, the induced-birefringence as a measure of index isotropy
is a second-rank tensor. It represents the changes of coefficients in the optical indicatrix or
ellipsoid in the presence of applied stresses. The principal birefringence axes in case of elastic
deformation coincide with the principal stress-strain axes. Fresnel’s refractive index, cauchy’s
stress and the indicatrix or the strain ellipsoide are coaxial. [112] Due to the existence of a
compression stress on one side of the fiber and a tensile stress on the other side, the fringe shift
of the Fizeau fringe system of a bent single-mode optical fiber appears as anti-parallel hook-
like shape fringe shifts one in each cladding side as shown schematically in Fig. 6. [113] The
fringe shift z(x) is considered positive in the direction of increasing n (towards the apex), while
the shift is considered negative in the direction of decreasing n (away from the apex).

Figure 6. Schematic representation of multiple-beam Fizeau fringes in transmission applied to determine the refrac‐
tive index profiles of a bent step-index optical fiber.

With a matching immersion liquid, the interferogram of the induced-birefringence of the
cladding is composed of two components. One of the two fringe components (n⊥) that
represents ordinary index component shows no fringe deviation with respect to the liquid
fringe position. It means that variation of the bending radius has no detectable influence on
this component. Therefore n⊥ is equal to nL, while the shifted component (n II ) of β which
represents the extra-ordinary index component is dependent on the radius of curvature, R.
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mathematical expression of the shape of Fizeau fringes across this type of optical fiber will
take the form: [107]
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So, in case of GRIN optical fibers having no cetral index dip Eq.(28) is converted to be Eq.(23).
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Figure 5. Multiple-beam Fizeau fringes interferogram in transmission crossing immersed GRIN fiber in a) liquid has a
small refractive index than the fiber cladding and b) matched liquid.

3.4. Fiber-index determination considering refraction due to fiber layers

Fiber that being used in telecommunication has a small numerical aperture. Therefore, the
change in optical path due to refraction must be taken in account to get an precise measurement
of the fiber index profiles. Kahl and Mylin [108] used the ray tracing method to study analyt‐
ically the effect of refractive deviation on interferograms of cylindrical and planer objects. The
results indicated that the effects are additive and classified into three categories: disturbed
deviation due to object only, misfocusing deviation and deviation in dense thick plates. The
effect of refraction on a ray crossing the fiber perpendicular to its optic axis is studied [87]- [88]
where the defocusing effect and the immersion-object index mismatch is taken into account.
[109]- [111] The fringe shift and ray deflection function has been correlated to determine
precisely the index profiles of preforms and optical fibers.
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3.5. Multiple-beam interferometry for studing bent fibers

The induced-birefringence due to bending in the cladding of single-mode optical fiber has been
investigated applying interferometric method. [112]- [128] Using wedge interferometer, the
refractive indices for plane polarized light vibrating parallel (∥ ) and perpendicular (⊥ ) to the
optic axis of a bent fiber represent the parameters that characterize the induced-birefringence
(β) where the induced-birefringence is is given by:

n nb ^= - (30)

Considering the photo-elastic theory, the induced-birefringence as a measure of index isotropy
is a second-rank tensor. It represents the changes of coefficients in the optical indicatrix or
ellipsoid in the presence of applied stresses. The principal birefringence axes in case of elastic
deformation coincide with the principal stress-strain axes. Fresnel’s refractive index, cauchy’s
stress and the indicatrix or the strain ellipsoide are coaxial. [112] Due to the existence of a
compression stress on one side of the fiber and a tensile stress on the other side, the fringe shift
of the Fizeau fringe system of a bent single-mode optical fiber appears as anti-parallel hook-
like shape fringe shifts one in each cladding side as shown schematically in Fig. 6. [113] The
fringe shift z(x) is considered positive in the direction of increasing n (towards the apex), while
the shift is considered negative in the direction of decreasing n (away from the apex).

Figure 6. Schematic representation of multiple-beam Fizeau fringes in transmission applied to determine the refrac‐
tive index profiles of a bent step-index optical fiber.

With a matching immersion liquid, the interferogram of the induced-birefringence of the
cladding is composed of two components. One of the two fringe components (n⊥) that
represents ordinary index component shows no fringe deviation with respect to the liquid
fringe position. It means that variation of the bending radius has no detectable influence on
this component. Therefore n⊥ is equal to nL, while the shifted component (n II ) of β which
represents the extra-ordinary index component is dependent on the radius of curvature, R.
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Considering the parallel component of the refractive index of the cladding, at the compressed
side of the fiber the cladding index increases and it is given by:
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Whereas in the tensile side of the fiber the cladding index decreases and it is described by:
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The extra-ordinary component of the refractive index of bent fiber n II  as a function of radius
of curvature is given by: [114]

II 3
o 12 11( 2)[ (1 ) ]( )on n n x Rr n nr= + - - (33)

where no is the index of straight and strain-free fiber, v is Poisson’s ratio. ρ11and ρ12 are the
strain-optic coefficients. For a fused silica fiber ρ11= 0.12, ρ12= 0.27 and ν = 0.17 ±  0.02. [112],
[115], [116]

The radial change of the refractive index and the related induced-birefringence in the cladding
of a bent single-mode optical fiber has been measured to an accuracy of 1× 10-4. [113] The
principal stresses in the cladding of single-mode optical fiber due to bending are demonstrated.
[117] The study represented a nonlinear relation between the difference of maximum radial
values of the cladding's refractive indices versus the radii of curvature in the cladding of the
bent optical fibers.

The relation discribes the asymmetric distribution of the compression and tensile stresses over
the fiber cross section rather than the shift in the centroid (neutral axis). An inverted Z-like
shape has been detected in the fiber cladding between the maximum birefringence across the
fiber and the radii of curvature, as shown in Fig. 7. [119] The angle between the direction of
the fringe shift representing the birefringence and the radial direction provides a direct
measure of the induced-birefringence. The method requires no precise polarizing optics, or
complicated mechanical equipment, or variation of angle of incidence, or precise light intensity
comparisons. Applying the forward scattering technique confirmed that the asymmetry
distribution of the modulus value due to asymmetric index profile could be attributed to a
shift in the fiber centroid (neutral axis) rather than a deviation in the circular fiber cross section
due to a deformed elliptical cross section which could result under the effect of bending.
Multiple-beam Fizeau interferometry is used to evaluate the acceptance angle, numerical
aperture, and V number profiles of the bent multimode graded-index (GRIN) fiber, as shown
in Fig. 8. [122]
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Figure 7. Interferogram of extraordinary Z-like shap fringe shift of bent sigle-mode optical fiber.

(a) 

(b) 

Figure 8. Multiple-beam Fizeau fringes interferogram in transmission crossing an immersed GRIN bent fiber in a) ex‐
trordinary fringe shift component and b) ordinary one.

3.6. Nonlinearity in bent optical fibers

In addition multiple-beam interferometry provides determination of nonlinearity (due to Kerr
effect) in fibers such as third-order susceptibility χ(3) and second-order refractive index n2 are
usually associated with all-optical effects such as modulation, soliton, switching, etc. Therefore
the profiles of the induced variations of second-order refractive index and complex nonlinear
third-order susceptibility components, i.e., the dispersive and absorptive are investigated in
both the core and cladding of straight double-clad and macro-bent single-mode optical fibers
are studied applying Fizeau interferometry. [129]- [131] The study is done on a standard single-
mode fiber at two IR fundamental operating wavelengths, 1300 and 1550 nm and at radii of
curvature from 5 mm to 11mm. The studies revealed an asymmetry in optical nonlinearity
subsisted between the tensile and compressed sides of bent fibers due to the asymmetry in
Young’s modulus of the fiber material.

Multiple-beam white light interference fringes or fringes of equal chromatic orders (FECOs)
are powerful and sensitive method in many field of applications. [132] The fringes are used to
determine optical properties of a monomode fiber and a GRIN optical waveguide. [133]- [136]
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Considering the parallel component of the refractive index of the cladding, at the compressed
side of the fiber the cladding index increases and it is given by:

( )-1 2II 2 2( )
4

com
cl L

z x
n n r x

z
l

= + -
D

(31)

Whereas in the tensile side of the fiber the cladding index decreases and it is described by:
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The extra-ordinary component of the refractive index of bent fiber n II  as a function of radius
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where no is the index of straight and strain-free fiber, v is Poisson’s ratio. ρ11and ρ12 are the
strain-optic coefficients. For a fused silica fiber ρ11= 0.12, ρ12= 0.27 and ν = 0.17 ±  0.02. [112],
[115], [116]

The radial change of the refractive index and the related induced-birefringence in the cladding
of a bent single-mode optical fiber has been measured to an accuracy of 1× 10-4. [113] The
principal stresses in the cladding of single-mode optical fiber due to bending are demonstrated.
[117] The study represented a nonlinear relation between the difference of maximum radial
values of the cladding's refractive indices versus the radii of curvature in the cladding of the
bent optical fibers.

The relation discribes the asymmetric distribution of the compression and tensile stresses over
the fiber cross section rather than the shift in the centroid (neutral axis). An inverted Z-like
shape has been detected in the fiber cladding between the maximum birefringence across the
fiber and the radii of curvature, as shown in Fig. 7. [119] The angle between the direction of
the fringe shift representing the birefringence and the radial direction provides a direct
measure of the induced-birefringence. The method requires no precise polarizing optics, or
complicated mechanical equipment, or variation of angle of incidence, or precise light intensity
comparisons. Applying the forward scattering technique confirmed that the asymmetry
distribution of the modulus value due to asymmetric index profile could be attributed to a
shift in the fiber centroid (neutral axis) rather than a deviation in the circular fiber cross section
due to a deformed elliptical cross section which could result under the effect of bending.
Multiple-beam Fizeau interferometry is used to evaluate the acceptance angle, numerical
aperture, and V number profiles of the bent multimode graded-index (GRIN) fiber, as shown
in Fig. 8. [122]
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Figure 7. Interferogram of extraordinary Z-like shap fringe shift of bent sigle-mode optical fiber.
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Figure 8. Multiple-beam Fizeau fringes interferogram in transmission crossing an immersed GRIN bent fiber in a) ex‐
trordinary fringe shift component and b) ordinary one.

3.6. Nonlinearity in bent optical fibers

In addition multiple-beam interferometry provides determination of nonlinearity (due to Kerr
effect) in fibers such as third-order susceptibility χ(3) and second-order refractive index n2 are
usually associated with all-optical effects such as modulation, soliton, switching, etc. Therefore
the profiles of the induced variations of second-order refractive index and complex nonlinear
third-order susceptibility components, i.e., the dispersive and absorptive are investigated in
both the core and cladding of straight double-clad and macro-bent single-mode optical fibers
are studied applying Fizeau interferometry. [129]- [131] The study is done on a standard single-
mode fiber at two IR fundamental operating wavelengths, 1300 and 1550 nm and at radii of
curvature from 5 mm to 11mm. The studies revealed an asymmetry in optical nonlinearity
subsisted between the tensile and compressed sides of bent fibers due to the asymmetry in
Young’s modulus of the fiber material.

Multiple-beam white light interference fringes or fringes of equal chromatic orders (FECOs)
are powerful and sensitive method in many field of applications. [132] The fringes are used to
determine optical properties of a monomode fiber and a GRIN optical waveguide. [133]- [136]
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By this method, a single interferogram of FECOs is enough to give all the needed information
revealing the optical fiber parameters across the visible spectrum with sufficient accuracy.

4. Experimental setup for multiple-beam Fizeau fringes

Figs. 9 and 10 represent the wedge interferometer and setup used to produce multiple-beam
Fizeau fringes in transmission. S is a low pressure Hg lamp with a green filter, L1 is a con‐
densing lens with a wide aperture and a short focal length, and P is an adjustable pinhole. L2

is a collimating lens with a long focal length, W is the liquid wedge interferometer, and M is
a microscope with a CCD camera attached with a PC computer. This processing enable the
locateation of the peak of the fringe with an accuracy of approximately 1 pixel, i.e., 1.39 μm.
The wedge interferometer consists of two circular optical flats usually 60 - 100 mm in diameter,
10 mm thick and flat to ± 0.01 μm. The inner surface of each flat is coated with a highly
reflecting partially transmitting silver layer (reflectivity ≈ 70%). The two optical flats are fixed
in a special jig. A drop of immersion liquid with a refractive index near by the cladding index
is introduced on the sliver layer of the lower optical flat. The fiber under investigation is
immersed in the liquid and the second flat is brought to form a silvered liquid wedge.

Figure 9. A schematic diagram represents the wedge interferometer and the Fizeau fringes at transmission crossing
perpendicularly a bent single-mode fiber.
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Figure 10. The optical setup for measuring the refractive index profiles of optical fibers using wedge interferometer.

A suitable immersion liquid could be prepared by mixing two different volumes of stable, clear
and non-volatile liquids. α-boromonaphtalene (n = 1.6585 at 293 K) and liquid paraffine (n =
1.4500 at 293 K) might be chosen. In case of mixture of two liquids 1 and 2, the refractive index
of the mixture of the immersion liquid is

1 1 2 2

1 2

( v v )
v vL

n n
n

+
=

+
(34)

where n1 and n2 are the refractive indices of the components, respectively. v1 and v2 are the
volumes of the components, respectively. The interferometer is set on the microscope stage. A
parallel beam of monochromatic light of known wavelength illuminates the wedge interfer‐
ometer. The interferometer is adjusted so that the Fizeau fringes crossed the fiber nearly
perpendicular to its optic axis, while in the liquid region they are straight lines parallel to the
edge of the wedge (apex).

To obtain the sharpest fringes across the fiber, capable of revealing the fiber structure and to
measure its index profile, the phase lag has to be suppressed. Both the gap thickness and the
wedge angle are adjusted to reduce the phase lag and thus produce sharpest fringes across the
fiber. [85]The wedge angle has to be in the range of 5× 10-3 to 1× 10-4 rad to be able to suppress
the phase lag. The refractive index profile of the bend fiber is divide into two components;
normal and parallel one. For the ordinary component (the normal one), the refractive index
profile is kept unchanged similar to the case of straight fiber. But for the extra ordinary
component, parallel component, the refractive index profile change across the fiber radius. In
the compressed region the refractive index increases as it goes away from the fiber optic axis,
i.e., neutral axis. While in tensile region, the refractive index decreases reaching its minimum
values at the fiber outer surface. Fig. 11 shows interferograms of multiple-beam Fizeau fringes
of the birefringence shift components in the cladding of a bent single-mode fiber immersed in
a matching liquid with radius of curvature R = 9 mm. (a) the two components, (b) the perpen‐
dicular component and (c) the parallel component.
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By this method, a single interferogram of FECOs is enough to give all the needed information
revealing the optical fiber parameters across the visible spectrum with sufficient accuracy.

4. Experimental setup for multiple-beam Fizeau fringes

Figs. 9 and 10 represent the wedge interferometer and setup used to produce multiple-beam
Fizeau fringes in transmission. S is a low pressure Hg lamp with a green filter, L1 is a con‐
densing lens with a wide aperture and a short focal length, and P is an adjustable pinhole. L2

is a collimating lens with a long focal length, W is the liquid wedge interferometer, and M is
a microscope with a CCD camera attached with a PC computer. This processing enable the
locateation of the peak of the fringe with an accuracy of approximately 1 pixel, i.e., 1.39 μm.
The wedge interferometer consists of two circular optical flats usually 60 - 100 mm in diameter,
10 mm thick and flat to ± 0.01 μm. The inner surface of each flat is coated with a highly
reflecting partially transmitting silver layer (reflectivity ≈ 70%). The two optical flats are fixed
in a special jig. A drop of immersion liquid with a refractive index near by the cladding index
is introduced on the sliver layer of the lower optical flat. The fiber under investigation is
immersed in the liquid and the second flat is brought to form a silvered liquid wedge.

Figure 9. A schematic diagram represents the wedge interferometer and the Fizeau fringes at transmission crossing
perpendicularly a bent single-mode fiber.
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Figure 10. The optical setup for measuring the refractive index profiles of optical fibers using wedge interferometer.

A suitable immersion liquid could be prepared by mixing two different volumes of stable, clear
and non-volatile liquids. α-boromonaphtalene (n = 1.6585 at 293 K) and liquid paraffine (n =
1.4500 at 293 K) might be chosen. In case of mixture of two liquids 1 and 2, the refractive index
of the mixture of the immersion liquid is

1 1 2 2
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where n1 and n2 are the refractive indices of the components, respectively. v1 and v2 are the
volumes of the components, respectively. The interferometer is set on the microscope stage. A
parallel beam of monochromatic light of known wavelength illuminates the wedge interfer‐
ometer. The interferometer is adjusted so that the Fizeau fringes crossed the fiber nearly
perpendicular to its optic axis, while in the liquid region they are straight lines parallel to the
edge of the wedge (apex).

To obtain the sharpest fringes across the fiber, capable of revealing the fiber structure and to
measure its index profile, the phase lag has to be suppressed. Both the gap thickness and the
wedge angle are adjusted to reduce the phase lag and thus produce sharpest fringes across the
fiber. [85]The wedge angle has to be in the range of 5× 10-3 to 1× 10-4 rad to be able to suppress
the phase lag. The refractive index profile of the bend fiber is divide into two components;
normal and parallel one. For the ordinary component (the normal one), the refractive index
profile is kept unchanged similar to the case of straight fiber. But for the extra ordinary
component, parallel component, the refractive index profile change across the fiber radius. In
the compressed region the refractive index increases as it goes away from the fiber optic axis,
i.e., neutral axis. While in tensile region, the refractive index decreases reaching its minimum
values at the fiber outer surface. Fig. 11 shows interferograms of multiple-beam Fizeau fringes
of the birefringence shift components in the cladding of a bent single-mode fiber immersed in
a matching liquid with radius of curvature R = 9 mm. (a) the two components, (b) the perpen‐
dicular component and (c) the parallel component.
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Figure 11. Interferograms of multiple-beam Fizeau fringes showing the birefringence shift components in the clad‐
ding of a bent single-mode fiber immersed in a matching liquid, R = 9 mm. (a) the two components, (b) the perpendic‐
ular component and (c) the parallel component.

5. Automatic analysis of micro-interferograms

Three different methods were usually used to analyze the fringe patterns (interferograms);
traveling microscope, slide projection and image processing system. El-Zaiat and El-Hennawi
[137] discussed the relative error in measuring refractive index by these methods. At constant
wedge angle the relative error was ranging from 0.002 to 0.0006. Application of digital
electronic provides picture acquisition, digitization and storage of the images. It also provides
picture analysis, recording, printing, and reporting. Wonsiewiez et al. [63] developed a
machine-aid technique of data reduction for interference micrographs. The technique was
applied with the slab method and it consists of digitizing the interferogram with a scanning
microdensitometer attached with computer to determine the position of the center line of each
fringe. Presby et al. [64] used an automated setup of a video camera, a digitizer and computer
to process the output of the interference microscope using the interferometric slab method.
Many investigators used the transverse interferometric method with an immersion liquid
matching to the cladding refractive index to study optical fibers electronically. [72], [73], [127],
[132]- [141] A Leitz dual-beam, single-pass, transmission interference microscope is used with
a video camera and video analysis system. Their measurement procedure involves video
detection and digitization of interference fringes controlled by computer. The data obtained
are then converted into refractive index and fiber radius information.
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6. Conclusion

Using a silvered liquid wedge interferometer, multiple-beam Fizeau fringes at transmission
crossing the fiber perpendicular to its axis suffer a shift. The shape, magnitude, and direction
of the fringe shift provide quantitative and qualitative information about optical fiber structure
and their index parameters. The state of polarization of the used light has an effect in the fringe
shift specially in case of irregular fibers which suffer from external perturbation effects. Since
the information is encoded in the phase of a fringe pattern, many practical disadvantages such
as nonuniform intensity of illumination, inhomogeneous reflectivity distribution, nonlinearity
of recording device, low or nonuniform contrast, and unavoidable noise affect the accuracy of
determination of spatial localization of the fringe. Thus, the problem of ultra-high precise
phase extraction (skeleton) is quite challenging. But the research in the field of digital fringe
pattern analysis [142]- [152] is the only way to overcome this problem extending in the same
time the limits of applicability of interferometry in the field of fiber researches and related
devices.
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Figure 11. Interferograms of multiple-beam Fizeau fringes showing the birefringence shift components in the clad‐
ding of a bent single-mode fiber immersed in a matching liquid, R = 9 mm. (a) the two components, (b) the perpendic‐
ular component and (c) the parallel component.
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[137] discussed the relative error in measuring refractive index by these methods. At constant
wedge angle the relative error was ranging from 0.002 to 0.0006. Application of digital
electronic provides picture acquisition, digitization and storage of the images. It also provides
picture analysis, recording, printing, and reporting. Wonsiewiez et al. [63] developed a
machine-aid technique of data reduction for interference micrographs. The technique was
applied with the slab method and it consists of digitizing the interferogram with a scanning
microdensitometer attached with computer to determine the position of the center line of each
fringe. Presby et al. [64] used an automated setup of a video camera, a digitizer and computer
to process the output of the interference microscope using the interferometric slab method.
Many investigators used the transverse interferometric method with an immersion liquid
matching to the cladding refractive index to study optical fibers electronically. [72], [73], [127],
[132]- [141] A Leitz dual-beam, single-pass, transmission interference microscope is used with
a video camera and video analysis system. Their measurement procedure involves video
detection and digitization of interference fringes controlled by computer. The data obtained
are then converted into refractive index and fiber radius information.
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6. Conclusion

Using a silvered liquid wedge interferometer, multiple-beam Fizeau fringes at transmission
crossing the fiber perpendicular to its axis suffer a shift. The shape, magnitude, and direction
of the fringe shift provide quantitative and qualitative information about optical fiber structure
and their index parameters. The state of polarization of the used light has an effect in the fringe
shift specially in case of irregular fibers which suffer from external perturbation effects. Since
the information is encoded in the phase of a fringe pattern, many practical disadvantages such
as nonuniform intensity of illumination, inhomogeneous reflectivity distribution, nonlinearity
of recording device, low or nonuniform contrast, and unavoidable noise affect the accuracy of
determination of spatial localization of the fringe. Thus, the problem of ultra-high precise
phase extraction (skeleton) is quite challenging. But the research in the field of digital fringe
pattern analysis [142]- [152] is the only way to overcome this problem extending in the same
time the limits of applicability of interferometry in the field of fiber researches and related
devices.
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1. Introduction

An optical time domain reflect-meter (OTDR) has been developed for detecting the fault lo‐
cation and estimating the average loss of the installed fiber cables. The resolution of the dis‐
tance has been improved up to a few centimeters. Recently, OTDR has been used for
measurements of the transmission characteristics in fiber and optical fiber properties based
on the backscattered signal power [1, 2].

As a result of the rapid progress made in the field of optical fiber amplifiers (OFA’s), it
has become possible to construct long distance transmission systems without convention‐
al  3R repeaters  [3,  4].  However,  the  use  of  OFA’s  gives  rise  to  the  problems of  optical
nonlinearities  such  as  four-wave  mixing  (FWM),  stimulated  Brillouin  scattering  (SBS),
and self-phase modulation (SPM). In OFA-based optical transmissions, both the chromat‐
ic  dispersion  distribution  along  a  fiber  and  the  average  chromatic  dispersion  influence
signal  performance.  Therefore,  it  has  become important  to  know the  longitudinal  chro‐
matic  dispersion distribution for  sophisticated transmission systems such as  wavelength
multiplexed  and  optical  soliton  transmission  systems.  However,  conventional  measure‐
ment  techniques  [5,  6]  can only  determine the  average chromatic  dispersion of  either  a
short or a long fiber. Recently, there have been some reports on measurement techniques
for  estimating  chromatic  dispersion  distribution  along  a  fiber  [7-9].  As  these  measure‐
ment techniques are based on optical nonlinear effects, the measurement distance is lim‐
ited.  On  the  other  hand,  we  have  reported  the  principle  of  a  technique  based  on
bidirectional measurement with OTDR [1].

In  this  chapter,  we  describe  the  measurement  techniques  for  the  longitudinal  fiber  pa‐
rameters or transmission characteristics along the fiber. The backscattered power contains
information on the fiber parameters at  the scattered position such as mode field diame‐

© 2013 Ohashi; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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ter,  refractive index,  and relative-index difference.  Such information can be obtained by
extracting the capture fraction from the backscattered power.

There are two types of  techniques based on OTDR for measuring the longitudinal  fiber
properties  by  analyzing  the  backscattered  power.  One  is  the  way  of  extracting  the  re‐
quired information on the parameter from the capture fraction in the backscattered pow‐
er just as it is. This technique is called “indirect method” in this section. The other is the
way of adding the information into the backscattered power by utilizing the phenomen‐
on between the signal and pump lights and required information can be easily obtained
from the  additional  information  in  the  backscattered power.  This  method is  called  “di‐
rect method”. By using two types of techniques, the required information can be extract‐
ed from the backscattered power in the fiber.

In section 2, the principle of measurement technique for longitudinal fiber parameters such
as the mode field diameter and relative-index difference and the reduction of polarization
fluctuation influence in a fiber are described[2,10]. In section 3, the measurement technique
for longitudinal transmission characteristics such as chromatic dispersion and the Raman
gain efficiency are described. In this section, the direct and the indirect methods are descri‐
bed. In section 4, we summarize the measurement technique based on OTDR.

2. Measurement technique for longitudinal fiber parameters

This section describes the measurement techniques for longitudinal fiber parameters such as
mode field diameter and relative-index difference.

2.1. Mode field diameter distribution

2.1.1. Measurement principle

The backscattered power P(z) received from a given position z in a single-mode fiber can be
expressed as [2, 11]

0
0

( ) ( ) ( )exp 2 ( )
z

sP z P z B z x dxa g
é ù

= -ê ú
ê úë û
ò (1)

where P0 is the input power, αs(z) the local scattering coefficient, B(z) the backscattering cap‐
ture fraction, and γ(z) the local attenuation coefficient.

A reliable way to separate the effects of decay and waveguide imperfections from backscat‐
tered signals has already been described [1, 2, 10]. For OTDR signals S1 (λ, z) and S2 (λ, L-z)
(in dB) launched from opposite ends (subscripts 1 and 2) of a fiber of length L, the imperfec‐
tion contribution I(λ,z) can be expressed as [2]

Current Developments in Optical Fiber Technology512

1 2

0
0

( , ) ( , )
( , )

2

10log[ ( ) ( , )] 2(10log ) ( )
z

s

S z S L z
I z

a z B z e x dx

l l
l

a l g

+ -
=

= + - ò
(2)

where a0 is a constant independent of distance z and is expressed as
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Therefore, the imperfection contribution I(λ,z) depends on the local scattering coefficient αs

(z) and the backscattered capture fraction B(λ,z), which is given by[12]
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where n(z) and 2w(λ,z) denote the refractive index of the core and the mode field diameter
(MFD) at a wavelength of λ, respectively.
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When the mode field diameter 2w(λ,z0) at z=z0 is given, the mode field diameter distribution
2w(λ,z) can be obtained as
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However, in a fiber link composed of different kinds of fiber, the local scattering coefficient
αs(z) and refractive index of the core n(z) of each fiber should be taken into account because
these values are different.

Here, we consider the measurement procedure for a fiber link composed of different types
of fibers, by taking into account the difference between the scattering coefficients of the com‐
posed fibers.
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ter,  refractive index,  and relative-index difference.  Such information can be obtained by
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where P0 is the input power, αs(z) the local scattering coefficient, B(z) the backscattering cap‐
ture fraction, and γ(z) the local attenuation coefficient.

A reliable way to separate the effects of decay and waveguide imperfections from backscat‐
tered signals has already been described [1, 2, 10]. For OTDR signals S1 (λ, z) and S2 (λ, L-z)
(in dB) launched from opposite ends (subscripts 1 and 2) of a fiber of length L, the imperfec‐
tion contribution I(λ,z) can be expressed as [2]
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where a0 is a constant independent of distance z and is expressed as
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When the scattering coefficient and the refractive index change along the fiber are taken into
account, the imperfection contribution I(λ,z) can be expressed as
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where a1 is a constant independent of distance z. The imperfection contribution In(λ,z) nor‐
malized by that at z=z0 can be written from (7) as
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Here, we define the first term on the right hand side in (9) as a correction factor K. The local
scattering coefficient αs(z) is propotional to the Rayleigh scattering coefficient R. The Ray‐
leigh scattering coefficient R for GeO2-doped core fiber is expressed as [14]

0(1 0.62 )R R= + D (10)

where R0 and Δ denote the Rayleigh scattering coefficient of SiO2 glass and the relative-in‐
dex difference in %, respectively [14]. The refractive index n of the core can be expressed us‐
ing the relative-index difference Δ as

0 1 2 / 100n n= - D (11)

where n0 is the refractive index of the cladding. Using this relation, the correction factor K is
written as
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Therefore, the mode field diameter 2w(λ, z) distribution can be obtained as
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On the contrary, another procedure has been proposed [15]. To circumvent this difficulty, a
procedure similar to that introduced in [16], but with an easier implimentation is used. Like
[16], two fitting coefficients A(λ) and C(λ) are introduced so that
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Suppose to set a second reference point z=z1. Two subscriptions can be made in (14), z=z0 for
the first reference point and z=z1 for the second reference one. The resulting values for the
coefficients A(λ) and C(λ) are
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From (14) and (15), the MFD becomes
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Thus, we need to know the MFD at the two reference points z0 and z1. From a experimental
view point, two reference fibers have to be connected in front of the fiber link. This method
is very effective when these fibers have different material characteristics.

2.1.2. Reduction of polarization fluctuation influence in a fiber

The polarization state of an optical pulse is continuously changing as the pulse propagates
in a fiber, and this polarization fluctuation causes measurement error. This fluctuation must
therefore be reduced during the backscattered power accumulation. It is believed that the
polarization fluctuation can be reduced by switching the polarization state from 0 to 90 line‐
ar polarization during the measurement [2]. Figure 1 shows a block diagram of our experi‐
mental setup for measuring the backscattered power.
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Figure 1. Block diagram of experimental setup

In our investigation, we refer to the positions of the polarization controller shown in Fig. 1
as positions #1 and #2. For simplicity, we defined the Jones matrix of the models shown in
Fig. 1 as

( ) ( )q q= -M R FR (17)

where R is the rotation matrix and θ denotes the angle from the principal axis. The rotation
matrix R is expressed as
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q
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F is the Jones matrix of the fiber which is expressed as

F =
1 0
0 exp( jϕ)

(19)

where ϕ is the birefringence of the fiber. Jones matrices for the detector through the A/O
switch MAO, the polarization controller Pc and input electric field vector E can be expressed
as the following equations:
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When x-polarized light is launched into the fiber, the detected power Px, shown in Fig. 1 as
position #1, is expressed as

{ }2 2 2 2 2 2
1 1 4( 1)sin cos sin ( / 2)x AO xP m k q q f= = + -M ME (23)

The detected power Py for -polarized light input is expressed as

{ }2 2 2 2 2 2 2
1 4( 1)sin cos sin ( / 2)y AO yP m k k q q f= = - -M ME (24)

Using (23) and (24), the total detected power P is expressed as the sum of the polarization
components

2 2
1 (1 )y yP P P m k= + = + (25)

Equation (25) shows that the obtained power P is independent of θ and ϕ. The total detected
power P#, shown in Fig. 1 as position #2, is expressed as

{ }

22# # #

2 2 2 2 2 2
1 (1 ) 1 4 sin cos sin ( / 2)

x y AO Cx x AO Cy yP P P

m k k q q f

= + = +

= + -

M P ME M P ME
(26)

From (26), it is found that the obtained power depends on θ and ϕ. Therefore, the polar‐
ization controller must be located between the LD and the A/O switch, shown in Fig.  1
as position #1.

By using the polarization controller, the backscattered power can be suppressed due to the
polarization fluctuation.
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2.1.3. Experimental results

To confirm the present technique, the mode field diameter distribution along the fiber link
composed of the three fibers was measured. OTDR was used to measure the backscattered
power of the fiber link. Table I summarizes the fiber parameters in the fiber link.

Parameters Fiber A Fiber B Fiber C

MFD (μm) at 1310nm

at 1550nm

9.02

10.17

6.47

7.86

6.49

7.86

Cutoff wavelength λc (nm) 1260 1150 1010

Relative-index difference Δ (%) 0.37 0.78 0.77

Chromatic dispersion D (ps/km/nm) at 1550 nm 16.72 -0.29 -0.27

Fiber length (km) 25.0 9.99 20.19

Table 1. Parameters of test fibers

Figure 2 shows the bi-directional OTDR traces of the fiber link at λ=1550 nm. OTDR (Agilent
E6003) with wavelengths of 1550 and 1310 nm was used to measure the backscattered signal
powers for the fiber link. In our measurements, the pulse width of the OTDR was 1 μs and
the averaging time was 10 minutes.
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Figure 2. Bi-directional OTDR traces at λ=1550 nm

It is found that three fibers were spliced in the fiber link. The imperfection loss obtained
from (2) was shown by using the Fig.1. Figure 3 shows the inperfection loss of the fiber link.

It is found that the losses of Fibers A, B, and C fluctuate along the fiber length. This fluctua‐
tion has an effect on the mode field diameter of each fiber. The MFD distribution at λ=1550
nm using Fig. 3 is shown in Fig. 4.

The MFD was estimated by using double reference method. When we measure the MFD
distribution of the fiber link, Fibers A and B was used as reference fibers. The MFD was esti‐
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mated by using (16) and MFDs at the double reference points. The deviations of the MFD for
Fiber A, B and C were 0.039 μm, 0.023 μm, and 0.046 μm, respectively. It is clarified that the
longitudinal MFD deviation is negligible small for the fibers fabricated by the present fabri‐
cation technique.
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Figure 4. MFD distribution of the fiber link at λ=1550nm

2.2. Relative-index difference distribution

2.2.1. Measurement principle

The first term on the right hand side in (9) depends on the variations in the scattering coeffi‐
cient and refractive index of the core. The local scattering coefficient is proportional to the
Rayleigh scattering coefficient. The Rayleigh scattering coefficient R for GeO2 doped core fi‐
ber is expressed as [14]

0(1 )R R k= + D (27)
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2.2. Relative-index difference distribution

2.2.1. Measurement principle

The first term on the right hand side in (9) depends on the variations in the scattering coeffi‐
cient and refractive index of the core. The local scattering coefficient is proportional to the
Rayleigh scattering coefficient. The Rayleigh scattering coefficient R for GeO2 doped core fi‐
ber is expressed as [14]

0(1 )R R k= + D (27)

Fiber Measurement Technique Based on OTDR
http://dx.doi.org/10.5772/54243

519



where R0 and Δ denote the Rayleigh scattering coefficient for SiO2 and the relative index dif‐
ference Δ in %, respectively. The k value was estimated experimentally to be 0.62 in [14].

As the variation in the refractive-index n(z)  of the core along the fiber link is negligible,
the  following  equation  holds  very  well  even  if  the  fiber  link  is  composed  of  different
kinds of fiber[10].
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0( ) / ( ) 1n z n z @ (28)

Thus, (9) can be rewritten as by using (27) and (28).
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Here, if the MFD distribution and the relative index difference Δ(z0) are known, the relative
index difference Δ(z) can be derived from (29) as follows[10].
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The MFD distribution along the transmission line can be easily estimated by using the dou‐
ble reference method [15]. With this technique, the imperfection loss of each test fiber along
the transmission line can be estimated by comparing it with the imperfection losses at two
reference points.

Next, the principal estimation error of the proposed method is discussed. The Δ estimation
error was calculated by using (9) and (30) and can be written as

( )
2

0
2
( )1( ) ( ) 1 1 ( )
( )E R R

n z
z z k z

k n z

é ùì üæ öï ïê úç ÷D - D = - - Dí ýç ÷ê úï ïè øî þë û
(31)

where ΔR and ΔE denote the correct and estimated Δ values, respectively. From (31) we find
that the Δ estimation error is directly proportional to n 2(z0) / n 2(z)−1 .
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Figure 5 shows the relationship between the correct relative index difference ΔR and the rela‐
tive Δ estimation error (%) against the refractive index at the 0.35 % and 0.8 % reference
points. Here, a k value of 0.62 was used. It is seen that the relative Δ estimation error in‐
creases as the relative index difference between the test fiber and the reference fiber increas‐
es. Therefore, a reference fiber should be selected that has almost the same refractive index
as that of the test fiber in order to estimate the relative index difference accurately.
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Figure 5. Relationship between the correct index difference ΔR and relative Δ estimation error against refractive index
as reference points of 0.35 % and 0.8%

2.3. Experimental results

To confirm the effectiveness of the present method, I measured the relative index differ‐
ence distribution Δ(z) along a fiber link composed of one single-mode fiber (Fiber A) and
two dispersion-shifted fibers (Fibers B and C). The parameters of these test fibers are list‐
ed in Table 1.

OTDR (Agilent E6003) with wavelengths 1550 and 1310 nm was used to measure the back‐
scattered signal powers for the fiber link. In our measurements, the pulse width of the
OTDR was 1 μs and the averaging time was 10 minutes. The spatial resolution of the relative
index difference Δ estimation depends on the OTDR pulse width. In the experiments, the
spatial resolution was about 200 m.

Figure 6  shows the relative index difference distribution Δ(z)  in  the fiber  link by using
the MFD distribution as shown in Fig.  4.  k=0.62 was used in (17).  The Δ distribution of
Fibers  B and C are also shown in Fig.  6.  It  is  found that  the Δ(z)  of  Fiber  C decreases
slightly  along  the  fiber  length.  The  Δ  variation  of  Fiber  C  was  estimated  to  be  0.01  %
from  Fig.  6.  In  addition,  the  experimental  results  for  the  relative  index  difference  ob‐
tained with  the  present  method are  in  good agreement  with  the  values  measured with
refractive near field (RNF) method.

This study proposed a novel relative-index difference distribution measurement method for
a fiber link based on the use of an OTDR. It was clarified experimentally that the method
can be applied to fiber links composed of different kinds of fiber. The relative-index differ‐
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where R0 and Δ denote the Rayleigh scattering coefficient for SiO2 and the relative index dif‐
ference Δ in %, respectively. The k value was estimated experimentally to be 0.62 in [14].

As the variation in the refractive-index n(z)  of the core along the fiber link is negligible,
the  following  equation  holds  very  well  even  if  the  fiber  link  is  composed  of  different
kinds of fiber[10].
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Here, if the MFD distribution and the relative index difference Δ(z0) are known, the relative
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The MFD distribution along the transmission line can be easily estimated by using the dou‐
ble reference method [15]. With this technique, the imperfection loss of each test fiber along
the transmission line can be estimated by comparing it with the imperfection losses at two
reference points.

Next, the principal estimation error of the proposed method is discussed. The Δ estimation
error was calculated by using (9) and (30) and can be written as
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where ΔR and ΔE denote the correct and estimated Δ values, respectively. From (31) we find
that the Δ estimation error is directly proportional to n 2(z0) / n 2(z)−1 .
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points. Here, a k value of 0.62 was used. It is seen that the relative Δ estimation error in‐
creases as the relative index difference between the test fiber and the reference fiber increas‐
es. Therefore, a reference fiber should be selected that has almost the same refractive index
as that of the test fiber in order to estimate the relative index difference accurately.
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2.3. Experimental results

To confirm the effectiveness of the present method, I measured the relative index differ‐
ence distribution Δ(z) along a fiber link composed of one single-mode fiber (Fiber A) and
two dispersion-shifted fibers (Fibers B and C). The parameters of these test fibers are list‐
ed in Table 1.

OTDR (Agilent E6003) with wavelengths 1550 and 1310 nm was used to measure the back‐
scattered signal powers for the fiber link. In our measurements, the pulse width of the
OTDR was 1 μs and the averaging time was 10 minutes. The spatial resolution of the relative
index difference Δ estimation depends on the OTDR pulse width. In the experiments, the
spatial resolution was about 200 m.

Figure 6  shows the relative index difference distribution Δ(z)  in  the fiber  link by using
the MFD distribution as shown in Fig.  4.  k=0.62 was used in (17).  The Δ distribution of
Fibers  B and C are also shown in Fig.  6.  It  is  found that  the Δ(z)  of  Fiber  C decreases
slightly  along  the  fiber  length.  The  Δ  variation  of  Fiber  C  was  estimated  to  be  0.01  %
from  Fig.  6.  In  addition,  the  experimental  results  for  the  relative  index  difference  ob‐
tained with  the  present  method are  in  good agreement  with  the  values  measured with
refractive near field (RNF) method.

This study proposed a novel relative-index difference distribution measurement method for
a fiber link based on the use of an OTDR. It was clarified experimentally that the method
can be applied to fiber links composed of different kinds of fiber. The relative-index differ‐
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ence is one of important parameters to estimate the chromatic dispersion. However, there
have been no reports on the technique for estimating the relative-index difference distribu‐
tion. As far as we know, for the first time, we proposed the novel technique for estimating
the relative-index difference distribution of the fiber link based on the OTDR.
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Figure 6. Relative-index difference distribution Δ(z) in the fiber link

3. Measurement technique for longitudinal transmission characteristics

This section describes the measurement techniques for longitudinal transmission character‐
istics such as chromatic dispersion and Raman gain efficiency and the experimental results.

3.1. Chromatic dispersion distribution

3.1.1. Measurement principle

The chromatic dispersion is expressed as the sum of the material dispersion Dm and the
waveguide dispersion Dw.

m wD D D= + (32)

Here, Dm and Dw [17] are expressed as

2

2m
d nD

c d
l

l
= - (33)
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where c is the light velocity. The material dispersion can be estimated from the dopant con‐
centration in an optical fiber by using Sellmeier’s coefficients [18]. The dopant concentration
can be obtained from the relative-index difference Δ of the core. By contrast, the waveguide
dispersion Dw can be estimated by determining the wavelength dependence of the mode
field diameter.

The empirical relationship between the mode-field diameter 2w and the normalized fre‐
quency v has been reported by Marcuse as [19]
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where 2a is the core diameter and λc the cutoff wavelength.

Here, we approximated the wavelength dependence of the mode-field diameter(MFD) 2w as

1.5 6
0 1 2( , ) ( ) ( ) ( )w z g z g z g zl l l= + + (36)

Substituting (36) into (34), the waveguide dispersion can be expressed as
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Therefore, the waveguide dispersion Dw(z) at the position z can be evaluated from the coef‐
fcients g0(z), g1(z) and g2(z). To obtain the coefficients g0(z), g1(z) and g2(z), the MFD has to be
measured at more than three wavelengths.

In general, as the coefficient of g2 is negligible small compared with that of g1, the wave‐
length dependence of the MFD can be expressed as

1.5
0 1( , ) ( ) ( )w z g z g zl l= + (38)

In this case, the coefficients g0 and g1 can be estimated by using the MFDs at the two wave‐
lengths. The two wavelengths of 1.31 and 1.55 μm are usually used for these measurements,
which are the operating wavelengths in the current transmission systems.

Substituting (38) into (34), the waveguide dispersion can be expressed as
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Figure 6. Relative-index difference distribution Δ(z) in the fiber link

3. Measurement technique for longitudinal transmission characteristics

This section describes the measurement techniques for longitudinal transmission character‐
istics such as chromatic dispersion and Raman gain efficiency and the experimental results.

3.1. Chromatic dispersion distribution

3.1.1. Measurement principle

The chromatic dispersion is expressed as the sum of the material dispersion Dm and the
waveguide dispersion Dw.

m wD D D= + (32)

Here, Dm and Dw [17] are expressed as
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d nD
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where c is the light velocity. The material dispersion can be estimated from the dopant con‐
centration in an optical fiber by using Sellmeier’s coefficients [18]. The dopant concentration
can be obtained from the relative-index difference Δ of the core. By contrast, the waveguide
dispersion Dw can be estimated by determining the wavelength dependence of the mode
field diameter.

The empirical relationship between the mode-field diameter 2w and the normalized fre‐
quency v has been reported by Marcuse as [19]
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where 2a is the core diameter and λc the cutoff wavelength.

Here, we approximated the wavelength dependence of the mode-field diameter(MFD) 2w as
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Therefore, the waveguide dispersion Dw(z) at the position z can be evaluated from the coef‐
fcients g0(z), g1(z) and g2(z). To obtain the coefficients g0(z), g1(z) and g2(z), the MFD has to be
measured at more than three wavelengths.

In general, as the coefficient of g2 is negligible small compared with that of g1, the wave‐
length dependence of the MFD can be expressed as

1.5
0 1( , ) ( ) ( )w z g z g zl l= + (38)

In this case, the coefficients g0 and g1 can be estimated by using the MFDs at the two wave‐
lengths. The two wavelengths of 1.31 and 1.55 μm are usually used for these measurements,
which are the operating wavelengths in the current transmission systems.

Substituting (38) into (34), the waveguide dispersion can be expressed as
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Here, we assume that the MFDs at the two wavelength λ1 and λ2 are respective 2w(λ1) and
2w(λ2). In this case, the coefficients g0 and g1 which represent the wavelength dependence of
the MFD can be obtained as
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The chromatic dispersion can be measured by using the wavelength dependence of the
MFD and the relative-index difference of the core. Both parameters MFD and the relative-
index difference can be easily estimated by using the OTDR. The MFD 2w(z) and the rela‐
tive-index difference Δ(z) can be measured by the technique as mentioned in section 2.

3.1.2. Experimental results

The chromatic dispersion measurements were made on the fiber link composed of three dif‐
ferent fibers. The parameters of these test fibers are listed in Table 1. The chromatic disper‐
sion is sum of waveguide and material dispersion. The material dispersion can be estimated
from the dopant concentration corrssponding to the relative-index difference. On the con‐
trast, the waveguide dispersion can be obtained by using the wavelength dependence of
MFD. The fiber link was measured by bi-directional OTDR with both wavelengths of 1310
and 1550 nm. Figs. 4 and 7 show the MFD distributions at λ=1550 nm and 1310 nm. estimat‐
ed by using the bi-directional OTDR traces, respectively. To estimate the MFDs, Fibers A
and B were used as the reference fibers[15].

The waveguide dispersion can be estimated by using the MFD distributions at both 1310
and  1550  nm  and  (30).  Figure  8  shows  the  waveguide  dispersion  of  the  fiber  link  at
λ=1550 nm.

It is found that the waveguide dispersion of Fiber A (conventional single-mode fiber) was
smaller than that of Fiber B and C (dispersion-shifted fibers). This is because the zero-disper‐
sion wavelength can be shifted to the longer wavelength. On the other hand, the material
dispersion can be calculated by using Sellmeire equation when the relative-index diffence is
known. The relative-index differnce was estimated by using the technique presented in 2.2.
Figure 9 shows the material dispersion of the fiber link at λ=1550 nm.
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The chromatic dispersion at λ=1550 nm can be estimated by using Figs 9 and 10. Figure 10
shows the chromatic dispersion of the fiber link at λ=1550 nm.
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Here, we assume that the MFDs at the two wavelength λ1 and λ2 are respective 2w(λ1) and
2w(λ2). In this case, the coefficients g0 and g1 which represent the wavelength dependence of
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The chromatic dispersion can be measured by using the wavelength dependence of the
MFD and the relative-index difference of the core. Both parameters MFD and the relative-
index difference can be easily estimated by using the OTDR. The MFD 2w(z) and the rela‐
tive-index difference Δ(z) can be measured by the technique as mentioned in section 2.

3.1.2. Experimental results

The chromatic dispersion measurements were made on the fiber link composed of three dif‐
ferent fibers. The parameters of these test fibers are listed in Table 1. The chromatic disper‐
sion is sum of waveguide and material dispersion. The material dispersion can be estimated
from the dopant concentration corrssponding to the relative-index difference. On the con‐
trast, the waveguide dispersion can be obtained by using the wavelength dependence of
MFD. The fiber link was measured by bi-directional OTDR with both wavelengths of 1310
and 1550 nm. Figs. 4 and 7 show the MFD distributions at λ=1550 nm and 1310 nm. estimat‐
ed by using the bi-directional OTDR traces, respectively. To estimate the MFDs, Fibers A
and B were used as the reference fibers[15].

The waveguide dispersion can be estimated by using the MFD distributions at both 1310
and  1550  nm  and  (30).  Figure  8  shows  the  waveguide  dispersion  of  the  fiber  link  at
λ=1550 nm.

It is found that the waveguide dispersion of Fiber A (conventional single-mode fiber) was
smaller than that of Fiber B and C (dispersion-shifted fibers). This is because the zero-disper‐
sion wavelength can be shifted to the longer wavelength. On the other hand, the material
dispersion can be calculated by using Sellmeire equation when the relative-index diffence is
known. The relative-index differnce was estimated by using the technique presented in 2.2.
Figure 9 shows the material dispersion of the fiber link at λ=1550 nm.
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The chromatic dispersion at λ=1550 nm can be estimated by using Figs 9 and 10. Figure 10
shows the chromatic dispersion of the fiber link at λ=1550 nm.
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We described a nondestructive technique for measuring the chromatic dispersion distribu‐
tion along a single-mode fiber based on bidirectional OTDR measurements. This technique
was compared with the destructive interferometric technique and found to be in good
agreement. We also proposed a measurement procedure for a transmission line composed
of different types of single-mode fibers. We confirmed experimentally that our technique
can be applied to a transmission line. Our technique for estimating chromatic dispersion dis‐
tribution will be a powerful tool for designing WDM and FDM transmission systems.
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Figure 10. Chromatic dispersion distribution of the fiber link at λ=1550 nm

3.2. Raman gain efficiency distribution

The development of various kinds of Internet services has led to a rapidly increase in trans‐
mission capacity. With a view to realizing ultra-wide band transmission systems, wave‐
length division multiplexing (WDM) systems have been introduced together with Raman
amplification technology [20]. Raman amplification technology is an attractive technology
whereby the amplification wavelength region can be adjusted by changing the wavelength
of the pump light wavelength. Technologies have been reported for measuring the Raman
gain efficiency distribution using pump and signal lasers [21]. In this section, two types of
techniques for measuring the Raman gain efficiency is described based on the OTDR. The
first one is the direct method using pump lasers. The other is the in direct method without
pump lasers.

3.2.1. Measurement principle

a. Direct method

Figure 11 shows the schematic diagram for measuring the Raman gain efficiency distribu‐
tion in the optical fibers by using an OTDR.
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Figure 11. Schematic diagram of the proposed Raman gain efficiency measurement method

The pulsed signal and the continuous wave pump lights are launched into the test fiber
through the WDM coupler. These lights co-propagate through the test optical fiber. An opti‐
cal filter is inserted between the OTDR and the WDM coupler to eliminate the Rayleigh
backscattering of the pump light.

Here,  we derive  the  signal  power  at  the  distance  of  z.  The  signal  power  Ps  can be  ob‐
tained by solving the coupled power equation with regard to the signal Ps and the pump
powers Pp. If the pump is un-depleted, the pump power can be expressed by the follow‐
ing equations [22].

s R
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P P P
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,p
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dP
P
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a= - (43)

where gR is the Raman gain coefficient. αs and αp are the attenuation coefficients of signal
and pump wavelengths, respectively. Aeff denotes the effective area, which corresponds to
the overlapping area between pump and signal lights and is defined as
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where ϕs and ϕp are the field distributions of the fundamental mode of the fiber at radius r
at the respecitive signal and pump wavelengths.

In particular, when the field distribution is Gaussian, the effective area Aeff is obtained as
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We described a nondestructive technique for measuring the chromatic dispersion distribu‐
tion along a single-mode fiber based on bidirectional OTDR measurements. This technique
was compared with the destructive interferometric technique and found to be in good
agreement. We also proposed a measurement procedure for a transmission line composed
of different types of single-mode fibers. We confirmed experimentally that our technique
can be applied to a transmission line. Our technique for estimating chromatic dispersion dis‐
tribution will be a powerful tool for designing WDM and FDM transmission systems.
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Figure 10. Chromatic dispersion distribution of the fiber link at λ=1550 nm

3.2. Raman gain efficiency distribution

The development of various kinds of Internet services has led to a rapidly increase in trans‐
mission capacity. With a view to realizing ultra-wide band transmission systems, wave‐
length division multiplexing (WDM) systems have been introduced together with Raman
amplification technology [20]. Raman amplification technology is an attractive technology
whereby the amplification wavelength region can be adjusted by changing the wavelength
of the pump light wavelength. Technologies have been reported for measuring the Raman
gain efficiency distribution using pump and signal lasers [21]. In this section, two types of
techniques for measuring the Raman gain efficiency is described based on the OTDR. The
first one is the direct method using pump lasers. The other is the in direct method without
pump lasers.

3.2.1. Measurement principle

a. Direct method

Figure 11 shows the schematic diagram for measuring the Raman gain efficiency distribu‐
tion in the optical fibers by using an OTDR.
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Figure 11. Schematic diagram of the proposed Raman gain efficiency measurement method

The pulsed signal and the continuous wave pump lights are launched into the test fiber
through the WDM coupler. These lights co-propagate through the test optical fiber. An opti‐
cal filter is inserted between the OTDR and the WDM coupler to eliminate the Rayleigh
backscattering of the pump light.

Here,  we derive  the  signal  power  at  the  distance  of  z.  The  signal  power  Ps  can be  ob‐
tained by solving the coupled power equation with regard to the signal Ps and the pump
powers Pp. If the pump is un-depleted, the pump power can be expressed by the follow‐
ing equations [22].
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where gR is the Raman gain coefficient. αs and αp are the attenuation coefficients of signal
and pump wavelengths, respectively. Aeff denotes the effective area, which corresponds to
the overlapping area between pump and signal lights and is defined as
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where ϕs and ϕp are the field distributions of the fundamental mode of the fiber at radius r
at the respecitive signal and pump wavelengths.

In particular, when the field distribution is Gaussian, the effective area Aeff is obtained as
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where  ws  and wp  denote  the  mode field  radii  of  the  signal  and pump wavelengths,  re‐
spectively.

From (43), the pump power Pp at the position of z can be obtained as

( ) (0)exp( ).p p pP z P za= - (46)

Substituting (46) into (42), the signal power Ps(z) at the position of z can be obtained as

0
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The signal power Ps(z) at the position of z is reflected and it travels toward the input direc‐
tion. The backscattered light can be expressed as the product of the signal power Ps(z) and
B(z) α, where α is the scattering coefficient and B(z) is the backscatterd capture fraction.
Then, the backscattered signal light Ps(z)B(z)α is amplified by the counter propagating pump
light. Therefore, the backscattered power P(z,Pp) from the position of z can be expressed as
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where G(z) is defined as

0
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On the contrary, when the pump light is off, the backscattered power P(z,0) can be obtained
by substituting Pp(0) =0 into (48) as

( , ) (0) ( )exp 2 .p s sP z P P B z za aé ù= -ë û (50)

The backscattered power of OTDR, S (z,Pp) [=10log {P (z,Pp)}] can be expressed as
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The backscattered power at z=z+Δz can be also expressed as
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The following equation can be derived from (50) and (51).
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On the contrary, when Pp=0, the following equation can be also derived in the same manner.
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a
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From the definition of G, dG(z)/dz can be expressed as
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R
p
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Therefore, the Raman gain efficiency gR(z)/Aeff(z) at the position of z can be derived from (52)
to (54) as

( )( ) 1
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= ×
× - (56)

Here, Sd(z) corresponding to the backscattered power difference between with and without
pumping is defined as
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( ) ( , ) ( ,0).d pS z S z P S z= - (57)

Therefore, the Raman gain efficiency distribution can be estimated from the length depend‐
ence of the pump power and the derivative of Sd(z) with regard to the fiber length z. It is also
found from (56) that the Raman gain efficiency distribution gR(z)/Aeff(z) can be estimated by
using the conventional OTDR.

b. Indirect method

The Raman gain coefficient gR of GeO2-doped core fiber can be expressed by the following
equation [23, 24].

0(1 80 ) /R pg g l= + D (58)

where Δ is the relative-index difference in % and g0 denotes the Raman gain coefficient of
pure silica glass. λp is the pump wavelength.

The Raman gain efficiency can be expressed as gR/Aeff. Thus, the Raman gain efficiency can
be obtained by using (44) and (58) as

0(1 80 )R

eff p eff

gg
A Al

+ D
= (59)

From (59), we can approximate the Raman gain coefficient by using the relative-index differ‐
ence Δ and mode field diameter (MFD) 2w. In the fiber link, the MFD 2w and relative-index
difference Δ distributions can be estimated by using the bi-directional OTDR technique as
described in section 2.

If we know the Raman gain efficiency (gR(z0)/Aeff(z0)) of the reference fiber at the position
z=z0, the Raman gain efficiency (gR(z)/Aeff(z)) of the test fiber at the position z can be estimat‐
ed from (59) as
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Here, if we assume that the wavelength dependence of MFD is negligible, (60) can be ap‐
proximated as
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The Raman gain efficiency can be estimated by measuring both the MFD and the relative-
index difference distributions of the test fiber. Thus, the Raman gain efficiency can be ob‐
tained indirectly by using OTDR without pump lasers. This technique is a relative
measurement method, so the measurement accuracy depends on the Raman gain efficiency
of the reference fiber.

3.2.2. Experimental results

a. Direct method

The Raman gain efficiencies for a conventional single-mode fiber with a length of 25 km and
a fibre link installed in the field with a length of 11km composed of 22 conventional single-
mode fibers with a piece length of 500 m were measured to confirm the effectiveness of our
technique.

Figure 12 shows the backscattered powers with and without pumping for the conventional
single-mode fiber. OTDR (Anritsu) with a wavelength of 1550 nm was used to measure the
backscattered power. The OTDR pulse width was 1μs and the averaging time was 5 min.
The pump laser with a wavelength of 1475 nm was used. It is found that the signal power is
amplified by the pump power.
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Figure 12. Backscattered powers with and without pumping

Figure 13 shows the backscattered power difference Sd defined in (14) plotted as a function
of fiber length.
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The Raman gain efficiency can be estimated by measuring both the MFD and the relative-
index difference distributions of the test fiber. Thus, the Raman gain efficiency can be ob‐
tained indirectly by using OTDR without pump lasers. This technique is a relative
measurement method, so the measurement accuracy depends on the Raman gain efficiency
of the reference fiber.

3.2.2. Experimental results

a. Direct method
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a fibre link installed in the field with a length of 11km composed of 22 conventional single-
mode fibers with a piece length of 500 m were measured to confirm the effectiveness of our
technique.

Figure 12 shows the backscattered powers with and without pumping for the conventional
single-mode fiber. OTDR (Anritsu) with a wavelength of 1550 nm was used to measure the
backscattered power. The OTDR pulse width was 1μs and the averaging time was 5 min.
The pump laser with a wavelength of 1475 nm was used. It is found that the signal power is
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Figure 13 shows the backscattered power difference Sd defined in (14) plotted as a function
of fiber length.
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Sd(z) was best fitted to the polynomial function as to calculate its derivative.
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The attenuation coefficient of the test fiber at λ=1475 nm was 0.217 dB/km. The pump power
Pp(0) was 88 mW. The Raman gain efficiency distribution along the fiber length can be esti‐
mated by using (56) and (62). Figure 14 shows the Raman gain efficiency distribution esti‐
mated by our technique.
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Figure 14. Raman gain efficiency distribution

It is seen that Raman gain efficiency along the fiber length is almost the same as 0.3 W-1km-1.

Next, the Raman gain efficiency for the fiber link composed of 22 conventional single-mode
fibers was measured. Figure 15 shows the backscattered powers with and without pumping
and the backscattered power difference Sd plotted as a function of fiber length.
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The attenuation coefficient αp was measured by the OTDR with a wavelength of 1450 nm.
The length dependence of the pump power Pp(z)(= Pp(0)exp(−αpz)) was estimated from the
OTDR trace at the pump wavelength λp. By using the length dependence of the pump pow‐
er, and the derivative of Sd with regard to the fiber length z, the Raman gain efficiency distri‐
bution of the fiber link was estimated. The Raman gain efficiency of the fiber link is shown
in Fig. 16.

It is found that the Raman gain efficiency distribution in the fiber link varies from 0.22 to
0.32 W-1km-1. The Raman gain efficiency distribution of the fiber link installed in the field
shows the appropriate value. As a result, it is confirmed that our technique can be applied to
the fiber link.
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It is seen that Raman gain efficiency along the fiber length is almost the same as 0.3 W-1km-1.

Next, the Raman gain efficiency for the fiber link composed of 22 conventional single-mode
fibers was measured. Figure 15 shows the backscattered powers with and without pumping
and the backscattered power difference Sd plotted as a function of fiber length.
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The attenuation coefficient αp was measured by the OTDR with a wavelength of 1450 nm.
The length dependence of the pump power Pp(z)(= Pp(0)exp(−αpz)) was estimated from the
OTDR trace at the pump wavelength λp. By using the length dependence of the pump pow‐
er, and the derivative of Sd with regard to the fiber length z, the Raman gain efficiency distri‐
bution of the fiber link was estimated. The Raman gain efficiency of the fiber link is shown
in Fig. 16.

It is found that the Raman gain efficiency distribution in the fiber link varies from 0.22 to
0.32 W-1km-1. The Raman gain efficiency distribution of the fiber link installed in the field
shows the appropriate value. As a result, it is confirmed that our technique can be applied to
the fiber link.
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b. Indirect method

The Raman gain efficiency of the concatenated fiber link as shown in Fig. 17 was measured
to confirm the effectiveness of our technique.

Figure 17. Concatenated fiber link

The fibers Ref#1 and Ref#2 were used as reference fibers for estimating the MFD and the rel‐
ative-index difference Δ distributions in the concatenated fiber link. The parameters of these
two reference fibers are listed in Table 2. Ref#2, #1, #2 and #3 are the conventional single-
mode fibers. OTDR (Agilent E6003) was used to measure the backscattered signal powers
for the concatenated fiber link.

Parameters Ref#1 Ref#2

MFD (μm) at 1550nm 7.86 10.2

Cutoff wavelength λc (nm) 1150 1130

Relative-index difference Δ (%) 0.78 -

Fiber length L (km) 10.0 3.0

Loss (dB/km) 0.20 0.19

Table 2. Parameters of reference fibers

Figure 18 shows the MFD distribution at λ=1550 nm in the concatenated fiber link estimated
by [4]. In this measurement, the OTDR pulse width was 1 μs and the averaging time was 3
min. The parameters of test fibers #1 to #3 are listed in Table 3.
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Parameters #1 #2 #3

MFD(μm) at 1550 nm 10.4 10.2 10.4

Cutoff wavelength λc (nm) - 1250 -

Fiber length L (km) 3.0 3.0 3.0

Loss (dB/km) at 1550 nm 0.18 0.19 0.19

Raman gain efficiency* (1/W/km) 0.66 0.75 0.64

* The value measured by the direct technique.

Table 3. Parameters of test fibers

Figure 19 shows the relative-index difference Δ(z) distribution in the concatenated fiber link
which was obtained by using the MFD distribution as shown in Fig. 19. It is seen that the
relative-index differences Δ of Ref#2, #1, #2, and #3 are almost the same and the Δ of the
Ref#1 is the largest among the test fibers.
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b. Indirect method

The Raman gain efficiency of the concatenated fiber link as shown in Fig. 17 was measured
to confirm the effectiveness of our technique.
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The Raman gain efficiency normalized by that of Ref#2 was estimated from Figs. 18 and
19 by using (61), which is shown in Fig. 20. The Raman gain efficiency of Ref#2 was esti‐
mated to be 0.75 by the direct measurement technique. It is seen that the Raman gain ef‐
ficiency of Ref#1 is the largest among the test fibers because the relative-index difference
Δ is large and the MFD is small. We found that the Raman gain efficiencies of Ref#2 and
#2 (group A) are larger than those of #1 and #3 (group B). Each group was fabricated by
the same manufacturer. The ratio of the Raman gain efficiency of group B fiber to that of
group A fiber was about 1.1.
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Figure 20. Normalized Raman gain efficiency in the concatenated fiber link

Next, we measured the Raman gain efficiency of the test fibers directly by using a pump la‐
ser. The experimental results are summarized in Table 3. We found that each group fiber has
almost the same the Raman gain efficiency. We also found that the ratio of the Raman gain
efficiency of group B to that of group A is about 1.2, which is in good agreement with the
results obtained with the present technique.

We described a new technique for measuring Raman gain efficiency distribution using a
conventional OTDR. The Raman gain efficiency in the 25km long single-mode fiber and the
fiber link installed in the field with a length of 11 km composed of 22 conventional single-
mode fibers were successfully estimated experimentally.

4. Conclusion

We described the measurement techniques for the longitudinal fiber parameters or trans‐
mission characteristics along the fiber based on the OTDR.

We described two types of techniques based on OTDR for measuring the longitudinal fiber
properties by analyzing the backscattered power. One was the way of extracting the re‐
quired information on the parameter from the capture fraction in the backscattered power
just as it is. This technique is called “indirect method”. As the backscattered capture fraction
contains the information on the fiber parameters, the fiber parameters distibution can be ob‐
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tained by analizing the backscattered capture fraction. The other was the way of adding the
information into the backscattered power by utilizing the phenomenon between the signal
and pump lights and required information can be easily from the additional power in the
backscattered power. This method is called “direct method”. By using two types of techni‐
ques, the required information can be extracted from the backscattered power in the fiber.

OTDR based measurement techniques will be powerful to estimate the various kinds of
properties in the fibers or the optical transmission lines.
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1. Introduction

Silicon is a typical substrate on which most devices on chip are made. It is a common platform
for integrated circuits due to its well understood and established technological processes such
as ionic implantation, diffusion, oxidation and others. Silicon has excellent mechanical
properties, which make it suitable for realizing sensors and actuators on chip, which are often
classified as Micro-Electro-Mechanical Systems. Integrated optics and planar light wave
circuits have also extensively employed silicon as a substrate. Currently, silicon-photonics
have become a promising technology to increase processing speed and reduce power con‐
sumption in multi-core micro-processor architecture.

Whenever optical interface to a silicon chip is required, optical signals must be coupled to
optical components on the chip via optical fibres. These optical components include planar
optical waveguides, micro-mirrors, photo-detectors, optical-switches, and micro-lenses
among others. Precise alignment is necessary to increase the optical coupling. Such precise
alignment is enabled by the formation of structures and mechanical components on the chip
that positions the core of the fibre at the desired location with sub-micron precision. Silicon
micro-machining is the technology that is instrumental for realizing such alignment structures
and mechanical components on the chip for optical coupling purposes.

In this section, the various silicon micro-machining technologies available and the fundamen‐
tal principles behind the technologies will be described. Special emphasis will be given to those
which are particularly useful for optical MEMS applications.

1.1. Silicon micro-machining

Silicon micro-machining refers to the physical and chemical mechanisms of removing silicon
material in a precisely controlled fashion, with the precision going down to a nano-scale. It

© 2013 Michael et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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can be achieved through various technologies. These technologies can be broadly categorized
as wet and dry etch.

The wet etch can be further classified into isotropic and anisotropic silicon etch. Isotropic etch
displays the same etch rate in all directions while anisotropic etch has directional etch rate
dependency, which arises from differences in the etching rates of various crystallographic
orientations in silicon by certain chemical solutions. For example, 25% TMAH water solution
etches (100) crystal planes at 300 times faster than (111) crystal planes.

Dry etch in silicon is often accomplished by generating RF driven plasma. Positively charged
ions and reactive species are created in the plasma. They are responsible for physical and
chemical etching effects in dry etch. Although there are also other forms of dry etch that involve
ion creation other than plasma, our focus will be on plasma based dry etch. As in the wet etch,
dry etch can also be divided into isotropic and anisotropic. Positively charged ion bombard‐
ment and polymer deposition from reactive and neutral species are responsible for providing
directionality and physical etchings in dry etch. Reaction between reactive species and silicon,
on the other hand, yields chemical etching behavior to dry etch. The diagram in Figure 1
summarizes the classifications of silicon micro-machining technologies and commonly used
etchants.

Figure 1. Classification of silicon micromachining
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1.2. Silicon wet etch

1.2.1. Isotropic silicon wet etch

Acidic solutions containing oxidizing agents are used in an isotropic silicon wet etch. HNA,
the solution of HF (hydrofluoric acid)/HNO3(Nitric acid)/CH3COOH (Acetic acid), is typical
isotropic silicon and poly-silicon wet etchant. The dissolution of silicon proceeds with injection
of holes into valance band of covalently bonded silicon structures. The source of the hole is the
oxidizing agent, HNO3, in the solution. The result is oxidation of silicon, which reacts readily
with hydroxide ions in the solution to produce SiO2 layer. The resulting SiO2 layer will dissolve
in HF by forming water soluble H2SiF6. Etching process of silicon in HNA can be summarized
by the following simplistic reactions:

HNO3+ HNO2 → 4NO-+ 2h++ H2O (holes generation)

Si + 4h+ → Si4+(holes injection)

Si4++ 4OH- → 2 SiO2+ 2H2 (silicon oxide formation)

SiO2+ 6HF→H2SiF6+ O2+ 2H2 (dissolution of silicon-dioxide)

The overall reaction can be simplified to

Si + HNO3+ 6HF→H2SiF6+ HNO2+H2O + H2

The role of CH3COOH (Acetic acid) in HNA is to dilute the solution. It is preferred to H2O as
it can better control the dissociation of HNO3, and hence preserve its oxidizing power [1]. Due
to the hole injection mechanism, etch rate of silicon in HNA depends on the type and concen‐
tration of dopants in silicon. Heavily doped silicon substrates etch faster. The etch rate reduces
by 150 times when the concentration of dopants in silicon goes below 1017atoms/cm3 [2]. Table
1 summarizes the etching characteristics of HNA including suitable masking materials.

Parameter Characteristics

Typical composition 250ml HF (49.2 wt%) + 500ml HNO3(69.5 wt%) + 800ml CH3COOH [3]

Etch rate 4um/min – 20um/min (at room temperature and increases with agitation) [4]

Surface roughness Rough- with more proportion of HNO3

Smooth – with more proportion of HF [1]

Temperature dependent 10-20Kcal/mol activation energy for concentrated HNO3, and 4Kcal/mole for concentrated

HF [5]

Masking material Silicon-nitride is the best mask material with only 10oA-100oA/min etches rates in HNA.

Other masking materials include Au/Cr at room temperature, and thick thermal oxide.

Table 1. Etching characteristics of HNA
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can be achieved through various technologies. These technologies can be broadly categorized
as wet and dry etch.
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etchants.

Figure 1. Classification of silicon micromachining
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Although isotropic wet etch of silicon has a wide range of application in making micro-needles
for drug delivery and micro-probes for scanning microscopy, it is not suitable for formation
of optical fiber insertion grooves as it may be difficult to control precisely the etched sizes of
the grooves.

1.2.2. Anisotropic silicon wet etch

Anisotropic silicon wet etch is based on alkaline solution, which exhibits different etch rates
depending on the crystal orientation of the exposed surface. Although there is still disagree‐
ment on why such crystallographic dependent phenomenon occurs, there are various models
suggested to explain the behavior. These models include: (i) the number of silicon atoms on
various crystallographic planes varies, with (111) plane having the largest density. However,
such differences between the crystallographic planes do not explain the significant etch rate
variations; (ii) The bond between the silicon atoms on the surface and the underlying atoms
has different energy levels depending on the orientation of the surface [6]; (iii) the variations
in nuclear roughness of various crystallographic planes, with (111) plane having the highest
nuclear roughness of all planes [7]. Nuclear roughness is characterized as a nuclear barrier that
reduces the etch rate by several dimensions.

Etching of silicon in such crystallographic dependent solutions proceeds with injection of
electrons into the conduction band of silicon that results in oxidation of Si atoms on the surface
by the following reaction

Si + 4OH→ Si(OH)4+ 4e-

In the presence of H2O, the silicate complex will be transformed into hexahydrosilicate complex
due to the reduction of hydrogen in the water.

Si(OH)4 + 4e- + 4H2O →Si(OH)62-+2OH-+ 2H2

The overall reaction becomes

Si + 4H2O + 2 OH- → Si (OH)62-+ 2H2

From the overall reaction, one can see that anisotropic wet etch solution requires OH- groups,
water solution, and results in the formation of H2 that rises as bubbles. It is also important to
note that the etching process is based on the transfer of electrons into the conduction band of
the silicon, and as such the etching rate can be controlled by applying bias voltage. In fact,
electrochemical etch stop is based on applying bias voltage that effectively stops the transfer
of electrons into the silicon conduction bands.

Typically used alkaline solutions and their selectivity between the major crystallographic
planes are summarized in Table 2. It will be worthwhile to note that selectivity between major
crystallographic planes can vary by changing the composition of the solution and adding
additives. Isopropanol and surfactants are commonly used additives in alkaline solutions.
Although surfactants are added in order to reduce roughness of the etched surface and
formation of hillocks, they are also found to affect etching characteristics of TMAH solutions.
Generally, it slows down the etch rate of (110) oriented silicon surface.
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Description KOH TMAH (1) TMAH (2) TMAH (3) EDP

Etching solution Potassium

Hydroxide (24%)

water solution, 85o

Tetra Methyl

Ammonium

Hydroxide (25%)

water, 90oC

Tetra Methyl

Ammonium

Hydroxide

(25%) water

with 0.1%

surfactants,

60oC

Tetra Methyl

Ammonium

Hydroxide

(25%) 60oC

Ethylendiamin, NH2-

(CH2)2-NH2,Pyrocatechol

C6H4(OH)2

R(100) 100µm/hr 55µm/hr 7.2 µm/hr 7.8 µm/hr 75

R(110) - 65µm/hr 2.7 µm/hr 18 µm/hr -

R(111) 0.25µm/hr 1.4 µm/hr 0.6 µm/hr 0.6 µm/hr 35

Masking layer Si3N4 (70nm/hr)

Thermal SiO2

(0.43µm/min)

PECVD-SiO2

(0.7µm/min)

SiO2(10-4 R(100)),

Si3N4

SiO2, Si3N4 SiO2, Si3N4 SiO2 (12nm-30nm/hr),

Si3N4(6nm/hr), Au, Cr, Ag,

Cu

R(100) (P++ -

Si):R(100)

1:20 1:40 - -

Table 2. Typical anisotropic wet etching solutions

Three factors play important roles in determining the shape of the volume that will be formed
in anisotropic wet etching solution. They are (i) the shape of the mask that determines the
exposed pattern of silicon; (ii) the orientation of the mask edges; (iii) crystallographic etching
characteristics (etch rate diagram) of the alkaline solutions. The crystallographic etching
characteristic (etch rate diagram) is often given in a polar diagram form, where the angle from
the reference orientation plane indicates the particular crystallographic direction and the
magnitude corresponds to the etch rate. Considering the above three factors, creation of three-
dimensional structure that results in is a complex process and various soft wares have been
developed to assist engineers to perform simulation and prepare the right mask layout.
Nonetheless, one can apply Wulff-Jaccodine method [8] along with the following etching
behaviors at the convex corner, concave corner, and straight mask edge to make simple
constructions of the resulting feature.

• At the straight mask edge: the etching progresses parallel to the mask edge and its shifting
represents the etching-off of a side wall.

• At the Concave corners: sidewalls with the lowest etch rate are formed

• At the Convex corners: sidewalls with the maximum etch rate are formed

There are five important etching behaviors that worth discussing due to their significant
application in creating grooves for optical fibre insertions, vertical micro-mirrors and side‐
walls, and 45o micro-mirrors.
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The overall reaction becomes
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From the overall reaction, one can see that anisotropic wet etch solution requires OH- groups,
water solution, and results in the formation of H2 that rises as bubbles. It is also important to
note that the etching process is based on the transfer of electrons into the conduction band of
the silicon, and as such the etching rate can be controlled by applying bias voltage. In fact,
electrochemical etch stop is based on applying bias voltage that effectively stops the transfer
of electrons into the silicon conduction bands.

Typically used alkaline solutions and their selectivity between the major crystallographic
planes are summarized in Table 2. It will be worthwhile to note that selectivity between major
crystallographic planes can vary by changing the composition of the solution and adding
additives. Isopropanol and surfactants are commonly used additives in alkaline solutions.
Although surfactants are added in order to reduce roughness of the etched surface and
formation of hillocks, they are also found to affect etching characteristics of TMAH solutions.
Generally, it slows down the etch rate of (110) oriented silicon surface.
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Three factors play important roles in determining the shape of the volume that will be formed
in anisotropic wet etching solution. They are (i) the shape of the mask that determines the
exposed pattern of silicon; (ii) the orientation of the mask edges; (iii) crystallographic etching
characteristics (etch rate diagram) of the alkaline solutions. The crystallographic etching
characteristic (etch rate diagram) is often given in a polar diagram form, where the angle from
the reference orientation plane indicates the particular crystallographic direction and the
magnitude corresponds to the etch rate. Considering the above three factors, creation of three-
dimensional structure that results in is a complex process and various soft wares have been
developed to assist engineers to perform simulation and prepare the right mask layout.
Nonetheless, one can apply Wulff-Jaccodine method [8] along with the following etching
behaviors at the convex corner, concave corner, and straight mask edge to make simple
constructions of the resulting feature.

• At the straight mask edge: the etching progresses parallel to the mask edge and its shifting
represents the etching-off of a side wall.
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1. Formation of V-grooves

The first requirement in the formation of V-grooves is to use (100) oriented silicon substrate.
(100) oriented silicon substrate has its primary flat cut in <110> direction. The second re‐
quirement is to align square or rectangular window openings on the mask, as illustrated in
Figure 2(a), along <110> direction which is parallel to the primary flat. The third require‐
ment is to use anisotropic etchant with etching rate diagram showing minima at {111}
planes. Etching with the above three requirements fullfilled will result in the formation of V-
grooves (see Figure. 2(b)) or pyramidal pit bounded by (111) planes that are at 54.7o from
(100) surface plane.

Let us now design the window opening size, wo, of the mask that is required to form a V-
groove to precisely position the core of an optical fibre at a distance, R, from the surface.
Figure.2(c) illustrates optical fibre positioned in the V-groove and all the relevant dimen‐
sions including the depth of the V-groove from the surface, de, the radius of optical fibre in‐
cluding the cladding ( the standard size is 125μm in diameter), and the position of the core
from the surface, R. It should be noted that R will be negative if the core is positioned below
the surface. The depth of the V-groove from the surface, de, is related to the radius of the
optical fibre and the position of the core, Ras

de =108.2 - R (1)

It can also be related to the window opening size, wo, and lateral under-etching of (111) plane,
tu , which is of course minimal, as

de =tan (54.7)( wo

2 + tu) (2)

Eq. (1) and (2) can be combined and the window opening size can be expressed

wo =2( 108.2 - R
tan (54.7) - tu) (3)

The lateral under-etching of (111) plane, tu, can be determined from the etching rate of (111)
plane, R(111), and the etch time,t .

tu =
R(111) t

sin (54.7) (4)

From Eq.(3),and (4), the window opening size can be simplified to

wo =153.2 - 1.416R - 2.45R(111)t (5)

where the etch time should be carried out for at least etching duration of, t  , given the etch rate
of the (100) plane is R(100)
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t ≥ 108.2 - R
R(100)

(6)

 

                  

 

                                                           (c) 

Figure 2. (a) Mask alignment in (100) type silicon; (b) the resulting V-groove after wet anisotropic etch; (c) optical fi‐
ber inserted in the V-groove

Optical Fibre on a Silicon Chip
http://dx.doi.org/10.5772/54246

547



1. Formation of V-grooves
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2. Formation of U-grooves

In this case, (110) type wafer will be used. (110) silicon substrate can be cut with primary flat
in <111> direction. This direction can be used as a rough guide to align the window opening.
However, for precise alignment of the mask in <111> direction, other techniques of locating
the exact <111> direction should be employed. One of these techniques is to incorporate a
wagon-wheel mask which extends from -3o to 3o with a pitch of 0.1o. The direction which
displays the smallest lateral under-etch indicates the exact location of <111> direction. The (111)
planes intersect on (110) surface to each other to form a parallelogram with 109.3o obtuse and
72.7o acute angles. The planes are either perpendicular or form 35.6o with the (110) surface.
With etching solution that shows high (110) and (100) etch rates with respect to very slowly
etching (111) planes, it is possible to make U-grooves with (111) vertical sidewalls. The same
principle has also been applied to make vertical (111) micro-mirrors.

The primary flat of (110) wafer in <111> direction, the parallelogram window opening mask
aligned to <111> direction, and the U-groove formed after etching are illustrated in Figure 3(a)
and (b). Designing the window size opening for positioning the core of an optical fiber at a
desired position in this case is easier than the case before. The depth of U-groove from the
surface, de, is related to the radius of the optical fibre and the position of the core, Ras

de =62.5 - R (7)

The window opening size can be expressed

wo =2(62.5 - tu) (8)

The lateral under-etching of (111) plane, tu, can be determined from the etching rate of (111)
plane, R(111), and etch time,t .

tu = R(111) t  (9)

From Eq.(8),and (9), the window opening size can be simplified to

wo =125 - 2R(111)t    (10)

While Eq.(10) determines the required window opening size, the location of core is controlled
with etch time, t

t ≥ 62.5 - R
R(110)

(11)

3. Formation of rhombus channels

The etching characteristic, mask alignment direction, and wafer types needed for this purpose
are similar to that of the formation of V-grooves, which is discussed earlier. In this case, the V-
grooves are etched sideways in horizontal direction (as shown in Figure. 4(a)) as opposed to
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the previous case, where the V-grooves are etched down in the vertical direction. A narrow
vertical opening is first made to expose (100) oriented vertical sidewalls by deep reactive ion
etching of silicon as illustrated in Figure 4(b). The exposed vertical (100) silicon surfaces will
be etched into a rhombus channels in anisotropic wet etch with sides being in (111). Hoffmann
et al [9] has used 20% KOH solution at 60o to form the rhombus channels. Such channels are
preferred to other grooves such as V or U-shaped ones because they provide self-clamping
mechanism to the fiber inserted into the position. In V or U shaped grooves, other clamping
or gluing mechanism will be required to keep the fiber in the required position.

Considering a narrow vertical opening with width,ω , and depth,d  , before wet anisotropic
etch, the final size of the rhombus channel after the wet etch is desired to precisely position
the optical fiber as shown in Figure 4(c). The minimum depth, d , is related to the width, ω, and
the optical fibre radius, ras [9]

d = 2r
cos (α) - ωtan (α)=2r 3 - 2ω (12)

For (100) silicon, α=54.7o.

Figure 3. (a) Mask alignment for (110) type wafer with primary flat in (111) direction; (b) the resulting vertical trench
after wet anisotropic etch
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grooves are etched sideways in horizontal direction (as shown in Figure. 4(a)) as opposed to

Current Developments in Optical Fiber Technology548

the previous case, where the V-grooves are etched down in the vertical direction. A narrow
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the optical fibre radius, ras [9]

d = 2r
cos (α) - ωtan (α)=2r 3 - 2ω (12)

For (100) silicon, α=54.7o.

Figure 3. (a) Mask alignment for (110) type wafer with primary flat in (111) direction; (b) the resulting vertical trench
after wet anisotropic etch

Optical Fibre on a Silicon Chip
http://dx.doi.org/10.5772/54246

549



With the optical fiber of the diameter of 125μm, and it is completely buried under the wafer,
the minimum depth has to be 125μm and hence the width of the opening at the top should be
64.5μm. This is smaller compared to the width openings 241μm for V-grooves and 125μm for
U-grooves.

Figure 4. (a) Mask alignment in (100) type wafer for forming rhombus channels; (b) DRIE of narrow vertical trench in
silicon defined by the mask; (c) the rhombus channel made after wet anisotropic etch with optical fiber inserted

4. Formation of vertical (100) micro-mirrors or sidewalls

Vertical mirrors that can precisely be aligned with optical fibers inserted into V-grooves are
desired for MEMS based optical switches as it enables self-aligned switching architecture.
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Although such optical switching architectures are possible with dry etching techniques,
anisotropic wet etch is preferred due to the better mirror surface quality that is resulted.

For this case, (100) silicon wafer should be employed. The edge of the mask is aligned along
<100> direction which is 45o rotated from the orientation of the primary flat. With etching
characteristics, where (110) planes are etching faster than (100) planes, vertical sidewall of (100)
planes emerge as the etching progresses, and these planes etch sideways at the same rate as
the horizontal (100) planes. With time controlled strategy, it is possible to form (100) vertical
micro-mirror of the desired thickness. Such kind of etching behavior has been observed with
KOH solutions [12]. However, TMAH and HNZ have not shown such etching characteristics.

5. Formation of 45o micro-mirrors

The requirement to form such mirror is to use (100) silicon wafer, and align the edge of the
mask at 45o off the primary flat. This is similar to the case where vertical (100) micro-mirror is
formed. The difference lies on the etching characteristics of the anisotropic wet etchant. In this
case, the etching characteristics should display slower etching rate for (110) plane as compared
to all other exposed planes between (100) and (110) planes. Other consideration that needs to
be taken into account is the smoothness quality of the resulting surface. It is not easy to find
the right etchant composition to satisfy both the requirements: (i) etching characteristics and
(ii) surface smoothness. Solutions with the desired etching characteristics (etch diagrams) have
displayed a rough 45o surface. On the other hand, those with smooth surface quality tend to
provide inferior etching characteristics. The resulting etched surface becomes more curved
than slanted 45o surface. As a compromise solution and in order to achieve both the require‐
ments, techniques involving multi-step etching have been proposed and demonstrated to
provide significant improvement. The first technique [10] involves the use of etching solution
with the desired etching characteristics (etch diagrams) as the first step and the use of etching
solution with smooth surface quality as the second step. In this technique, the first etching step
provides the desired 45o slope and the second etching step smoothens the rough surface
resulted from the first etching step. The end result is slanted 45o slope with smooth surface.
The other technique [11] involves the use of etching solution that provides smooth surface and
applying successive removals of suspended oxide mask. This method has improved the 45o

degree portions of the curved mirror by straighten up the top portion.

Table 3 reviews some of the anisotropic wet etchant solutions that have been used by various
authors in forming V- grooves, U-grooves, rhombus channels, Vertical and 450 micro-mirrors.

1.2.3. Silicon dry etch

1.2.3.1. Isotropic silicon dry etch

An isotropic dry etch of silicon involves etching of silicon using chemical reactive species that
are in vapor form. Various forms of mechanism are employed to form chemical reactive vapor
species. They include sublimation of solid sources at low pressure [17], laser assisted etching
[18], and plasma [19]. Although all these methods have been proved to be useful, plasma based
dry etching process has been a common and standard practice.
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With the optical fiber of the diameter of 125μm, and it is completely buried under the wafer,
the minimum depth has to be 125μm and hence the width of the opening at the top should be
64.5μm. This is smaller compared to the width openings 241μm for V-grooves and 125μm for
U-grooves.

Figure 4. (a) Mask alignment in (100) type wafer for forming rhombus channels; (b) DRIE of narrow vertical trench in
silicon defined by the mask; (c) the rhombus channel made after wet anisotropic etch with optical fiber inserted

4. Formation of vertical (100) micro-mirrors or sidewalls

Vertical mirrors that can precisely be aligned with optical fibers inserted into V-grooves are
desired for MEMS based optical switches as it enables self-aligned switching architecture.
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Although such optical switching architectures are possible with dry etching techniques,
anisotropic wet etch is preferred due to the better mirror surface quality that is resulted.

For this case, (100) silicon wafer should be employed. The edge of the mask is aligned along
<100> direction which is 45o rotated from the orientation of the primary flat. With etching
characteristics, where (110) planes are etching faster than (100) planes, vertical sidewall of (100)
planes emerge as the etching progresses, and these planes etch sideways at the same rate as
the horizontal (100) planes. With time controlled strategy, it is possible to form (100) vertical
micro-mirror of the desired thickness. Such kind of etching behavior has been observed with
KOH solutions [12]. However, TMAH and HNZ have not shown such etching characteristics.

5. Formation of 45o micro-mirrors

The requirement to form such mirror is to use (100) silicon wafer, and align the edge of the
mask at 45o off the primary flat. This is similar to the case where vertical (100) micro-mirror is
formed. The difference lies on the etching characteristics of the anisotropic wet etchant. In this
case, the etching characteristics should display slower etching rate for (110) plane as compared
to all other exposed planes between (100) and (110) planes. Other consideration that needs to
be taken into account is the smoothness quality of the resulting surface. It is not easy to find
the right etchant composition to satisfy both the requirements: (i) etching characteristics and
(ii) surface smoothness. Solutions with the desired etching characteristics (etch diagrams) have
displayed a rough 45o surface. On the other hand, those with smooth surface quality tend to
provide inferior etching characteristics. The resulting etched surface becomes more curved
than slanted 45o surface. As a compromise solution and in order to achieve both the require‐
ments, techniques involving multi-step etching have been proposed and demonstrated to
provide significant improvement. The first technique [10] involves the use of etching solution
with the desired etching characteristics (etch diagrams) as the first step and the use of etching
solution with smooth surface quality as the second step. In this technique, the first etching step
provides the desired 45o slope and the second etching step smoothens the rough surface
resulted from the first etching step. The end result is slanted 45o slope with smooth surface.
The other technique [11] involves the use of etching solution that provides smooth surface and
applying successive removals of suspended oxide mask. This method has improved the 45o

degree portions of the curved mirror by straighten up the top portion.

Table 3 reviews some of the anisotropic wet etchant solutions that have been used by various
authors in forming V- grooves, U-grooves, rhombus channels, Vertical and 450 micro-mirrors.

1.2.3. Silicon dry etch

1.2.3.1. Isotropic silicon dry etch

An isotropic dry etch of silicon involves etching of silicon using chemical reactive species that
are in vapor form. Various forms of mechanism are employed to form chemical reactive vapor
species. They include sublimation of solid sources at low pressure [17], laser assisted etching
[18], and plasma [19]. Although all these methods have been proved to be useful, plasma based
dry etching process has been a common and standard practice.
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Hecht et al [20 ] and Hoffman et al [21 ] have used Xenon difluoride (XeF2) to etch silicon
isotropically and release CMOS circuitry, and form sensors and actuators. They produced
vapour form of XeF2 by sublimating solid Xenon difluoride at 1 torr and room temperature in
a simple bell-jar setup. The etchant has shown excellent selectivity with respect to CMOS
process layers. The etching process proceeds with spontaneous reaction of XeF2 with solid Si
to generate volatile gaseous by products of SiF4 and Xe. Etching rates of 1-3μm/min are typical
with XeF2. The disadvantage of XeF2 etch is that it causes rough surface. As a remedy to reduce
roughness of the etched silicon, XeF2 has been mixed with other halogen fluoride such as
BrF3 and ClF3 [22].

The other common dry etching of silicon in isotropic manner is based on generation of fluorine
reactive species from RF plasma. Fluorine, unlike chlorine and bromine, reacts with silicon to
produce volatile SiF4 spontaneously. In the absence of polymer deposition, fluorine reactive
species from RF plasma produce pure isotropic etch. SF6 is the typical source gas used for this
purpose.

Although isotropic dry etches are important to release sensors, actuators, and CMOS circuitry,
their applications in forming alignment grooves for inserting optical fibers in silicon are very
limited.

1.2.3.2. Anisotropic silicon dry etch

Plasma driven dry etch process can be made directional by controlling ionic energy bombard‐
ment and allowing fluorocarbon polymer deposition. Ionic energy bombardment is controlled
by the DC bias voltage between the plasma and electrode. Polymer deposition may be allowed
by introducing carbon containing gases into the recipe. Directionality of ionic bombardment
along with polymer deposition provides anisotropic plasma based silicon etching character‐
istics. For etching deep and high aspect ratio silicon structures, special reactive ion etching
systems are commonly employed. These systems are often referred as Deep Reactive Ion
Etchers. Such systems are capable of generating large density of reactive species (plasma), and
controlling ionic energy bombardment independent of ionic density. They can also allow the

Optical fibre

insertion, alignment

structures, and

micro-mirrors

V-groove U-groove Rhombus-

Channels

Vertical mirror 45o micro-mirror

Wet etch 33% KOH[12]

KOH[13]

20%KOH[15]

25% TMAH

[14]

20% KOH [9] 25% TMAH[14]

33%KOH[12]

20%KOH[15]

5% TMAH

1% Surfactant [11]

25%TMAH 0.1%

surfactant[10]

36%KOH

\IPA( isoproponal)[16]

Table 3. Anisotropic wet etching solution for forming optical MEMS
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substrate to be maintained at cryogenic temperature as low as 77K. At this cryogenic temper‐
ature, films can also be deposited from condensations of reactive gases. Sidewall deposition
prevents sidewall etching while vertical ionic bombardment removes films deposited on
horizontal surface, and allows directional etch [23,24].

Other deep silicon etch is based on alternate etching and deposition steps [25]. The etching
step may use SF6, SF6/O2, SF6/Ar and can be purely isotropic. After a short time of pure etching,
pure deposition step will follow. The deposition step will often use fluorocarbon gases such
as C2F8 or CHF3. (CF2)n polymers are deposited on the substrate during this step. When these
etching and deposition steps are repeated, they yield vertically etched structures.

Deep reactive ion etching of silicon is a very versatile micromachining technique which does
not rely on crystalline orientation or type of silicon substrate. It has been used to form U-
grooves for fiber insertion and alignment. Spring structures can easily be integrated with the
U-grooves to provide fiber holding mechanism. Ji et al [26] and Marxer et al [27] have used
this powerful technique in their 2X2 optical switch architecture. The actuator, micro-mirror,
and fiber insertion and alignment grooves are all made in a single mask.

2. Thick silica film deposition

In addition to micro-machining techniques for silicon substrate, formation of optical compo‐
nents on silicon chip will require deposition and micro-machining of optical quality films. One
of such films is silicon-dioxide (silica). Silica planar waveguides have been for a decade a key
platform for fabrication of photonics circuits and optical Micro-Electro-Mechanical Systems
(MEMS) devices. They can be easily coupled to optical fibre due to their low index contrast.
Fabrication of silica waveguide requires deposition of silica film and consequently micro-
machining the film to the desired waveguide core size. The thickness of silica for such purpose
is usually in the range of 6μm-8μm depending on the wavelength of the light for which the
waveguide is designed. Such thick silica films have to be deposited using chemical vapor
deposition techniques. When their integration with integrated circuits is considered, chemical
vapor deposition need to be carried out to maintain low thermal budget. In such case, plasma
enhanced chemical vapor deposition is an appropriate technique. Moreover, it provides an
efficient method of controlling film stoichiometry, refractive index, and surface roughness.

Plasma enhanced chemical vapor deposition of silica film based on the reaction of SiH4 and
O2 gaseous has been reported to produce low loss silica waveguides [28,29] although other
mixtures of gaseous can be used to deposit silica films. Controlling refractive index of silica
film is essential to enable the formation of core and cladding of the waveguide. Silica film has
been doped with Ge by introducing GeH4 into the gaseous mixture, and the refractive index
of the silica film has been controlled by varying the doping level of Ge in the silica film [30].
Silica films can also be doped with fluorine to change their refractive index [28,29,31,32]. In
this case, CF4 will be introduced as the source of fluorine to the gaseous mixture of SiH4 and
O2. Another important parameter of the film that is critical for deposition of thick silica film is
stress in the film. The stress should be minimized not only to maintain structural integrity of
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vapour form of XeF2 by sublimating solid Xenon difluoride at 1 torr and room temperature in
a simple bell-jar setup. The etchant has shown excellent selectivity with respect to CMOS
process layers. The etching process proceeds with spontaneous reaction of XeF2 with solid Si
to generate volatile gaseous by products of SiF4 and Xe. Etching rates of 1-3μm/min are typical
with XeF2. The disadvantage of XeF2 etch is that it causes rough surface. As a remedy to reduce
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The other common dry etching of silicon in isotropic manner is based on generation of fluorine
reactive species from RF plasma. Fluorine, unlike chlorine and bromine, reacts with silicon to
produce volatile SiF4 spontaneously. In the absence of polymer deposition, fluorine reactive
species from RF plasma produce pure isotropic etch. SF6 is the typical source gas used for this
purpose.

Although isotropic dry etches are important to release sensors, actuators, and CMOS circuitry,
their applications in forming alignment grooves for inserting optical fibers in silicon are very
limited.
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Plasma driven dry etch process can be made directional by controlling ionic energy bombard‐
ment and allowing fluorocarbon polymer deposition. Ionic energy bombardment is controlled
by the DC bias voltage between the plasma and electrode. Polymer deposition may be allowed
by introducing carbon containing gases into the recipe. Directionality of ionic bombardment
along with polymer deposition provides anisotropic plasma based silicon etching character‐
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substrate to be maintained at cryogenic temperature as low as 77K. At this cryogenic temper‐
ature, films can also be deposited from condensations of reactive gases. Sidewall deposition
prevents sidewall etching while vertical ionic bombardment removes films deposited on
horizontal surface, and allows directional etch [23,24].

Other deep silicon etch is based on alternate etching and deposition steps [25]. The etching
step may use SF6, SF6/O2, SF6/Ar and can be purely isotropic. After a short time of pure etching,
pure deposition step will follow. The deposition step will often use fluorocarbon gases such
as C2F8 or CHF3. (CF2)n polymers are deposited on the substrate during this step. When these
etching and deposition steps are repeated, they yield vertically etched structures.

Deep reactive ion etching of silicon is a very versatile micromachining technique which does
not rely on crystalline orientation or type of silicon substrate. It has been used to form U-
grooves for fiber insertion and alignment. Spring structures can easily be integrated with the
U-grooves to provide fiber holding mechanism. Ji et al [26] and Marxer et al [27] have used
this powerful technique in their 2X2 optical switch architecture. The actuator, micro-mirror,
and fiber insertion and alignment grooves are all made in a single mask.

2. Thick silica film deposition

In addition to micro-machining techniques for silicon substrate, formation of optical compo‐
nents on silicon chip will require deposition and micro-machining of optical quality films. One
of such films is silicon-dioxide (silica). Silica planar waveguides have been for a decade a key
platform for fabrication of photonics circuits and optical Micro-Electro-Mechanical Systems
(MEMS) devices. They can be easily coupled to optical fibre due to their low index contrast.
Fabrication of silica waveguide requires deposition of silica film and consequently micro-
machining the film to the desired waveguide core size. The thickness of silica for such purpose
is usually in the range of 6μm-8μm depending on the wavelength of the light for which the
waveguide is designed. Such thick silica films have to be deposited using chemical vapor
deposition techniques. When their integration with integrated circuits is considered, chemical
vapor deposition need to be carried out to maintain low thermal budget. In such case, plasma
enhanced chemical vapor deposition is an appropriate technique. Moreover, it provides an
efficient method of controlling film stoichiometry, refractive index, and surface roughness.

Plasma enhanced chemical vapor deposition of silica film based on the reaction of SiH4 and
O2 gaseous has been reported to produce low loss silica waveguides [28,29] although other
mixtures of gaseous can be used to deposit silica films. Controlling refractive index of silica
film is essential to enable the formation of core and cladding of the waveguide. Silica film has
been doped with Ge by introducing GeH4 into the gaseous mixture, and the refractive index
of the silica film has been controlled by varying the doping level of Ge in the silica film [30].
Silica films can also be doped with fluorine to change their refractive index [28,29,31,32]. In
this case, CF4 will be introduced as the source of fluorine to the gaseous mixture of SiH4 and
O2. Another important parameter of the film that is critical for deposition of thick silica film is
stress in the film. The stress should be minimized not only to maintain structural integrity of
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the deposited film but also to avoid stress related birefringence leading to polarization
dependence losses. Controlling the stress of Ge-doped silica film has been found difficult [30].
From such perspective, F-doped silica films are preferred ways of minimizing stress and
researches have been directed toward achieving this. Bazylenko et al. [28 ] has reported the
experimental results of characterization pure and F-doped silica films using Hollow Cathode
PECVD system for fabrication of silica waveguides. Their results have shown that fluorine
incorporation into silica film reduces both stress and refractive index. However, this trend of
stress and refractive index reduction does not continue as more CF4 is introduced into the
mixture, but reverses trend and causes more abrupt increase of stress and refractive index. The
reason is attributed to the scavenging of O2 by CF4 to cause silicon rich film. Increasing the
flow rate of O2 has been suggested as a way of mitigating the scarcity of O2 in the plasma.
However, stress in the film increases as more oxygen is added into the plasma at the same flow
rate of CF4. Moreover, it does not stop the occurrence of reversal trend at higher CF4 flow rate.
The characteristics of F-doped silica films deposited at various RF powers and O2/CF4/SiH4

flow rates in HC-PECVD have been studied [31]. Figure.5 shows the refractive index and stress
of silica films as the RF power varies from 100W-300W. The results in the figure are obtained
for the flow rates of CF4= 30sccm, O2=50sccm, and SiH4=20sccm. The stress in the silica film
reduces as the RF power increases up to 220W. From 220W onwards, the stress starts to increase
rapidly. XPS analysis of the films has revealed that the stress reversal behavior at 220W
attributes to the onset of oxygen depletion in the plasma and hence silicon richness of the film.
As the flow rate of CF4 is reduced maintaining the same flow rates of SiH4 and O2, the RF power,
at which the onset of oxygen depletion occurs, increases markedly. On the other hand, for
higher CF4 flow rates, the RF power, at which the onset of oxygen depletion occurs, reduces
only slightly. For instance, the increase in CF4 flow rates from 30sccm to 46sccm has reduced
the required RF power for oxygen deficiency slightly by only 4W. The RF power, required for
onset of oxygen deficiency in the plasma, for various CF4 flow rates has been obtained and
plotted in Figure 6. The results clearly indicates that for a given SiH4 and O2 flow rates, there
is a threshold RF power below which oxygen depletion in plasma will not occur even at
practically higher CF4 flow rates. This means that continuous reduction in silica film stress as
well as refractive index can be achieved with incorporation of more fluorine into the film. It is
even possible to deposit oxide film with slightly tensile stress at higher CF4 flow rates. This is
particularly useful to reduce the overall stress in thick film deposition [33] and to form MEMS
structures that are not prone to buckling [34].

It has been indicated before that it is possible to shift the occurrence of oxygen depletion in the
plasma to a higher CF4 flow rate by increasing oxygen flow rate in the gaseous mixture. This
is an obvious solution as more oxygen will be available in the plasma, and causes oxygen rich
film. However, the film becomes more stressed. In order to reduce the stress in the film while
increasing permissible CF4 flow rate range in which oxygen depletion does not occur, SiH4

flow rate is reduced. This has lowered the silicon content of the silica film and less stressed
film results [31]. Figure 7 (a) and (b) show stress and refractive index of silica film deposited
at various CF4 flow rates at 300W RF power and O2=100sccm for SiH4=20sccm and SiH4 =
15sccm, respectively.
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Figure 6. RF powers and CF4 flow rates at which oxygen depletion starts to occur

Depositing a desired film thickness is based on characterizing deposition rate at the given
deposition condition. Measuring deposition rates of silica films at various CF4 flow rates have
shown that deposition rates are almost constant independent of CF4 flow rates [31,32]. This
behavior is quite attractive for depositing F-doped graded index layers for making planar
waveguides and planar grin lenses. Figure 9 shows the constant deposition rate of silica film
at RF power = 300W, O2 = 100sccm and SiH4 = 15sccm for various CF4 flow rates.

The above deposition techniques have been used to form silica films as thick as 90μm as shown
in Figure 8. Such successful thick film deposition is attributed to the reduction of stress in the
film to almost zero. This is useful characteristics for realizing optical components on silicon
chip including planar silica waveguides, planar silica lens and 3D micro-lens.

Figure 5. Refractive index (green) and stress (blue) as a function of RF powers
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the deposited film but also to avoid stress related birefringence leading to polarization
dependence losses. Controlling the stress of Ge-doped silica film has been found difficult [30].
From such perspective, F-doped silica films are preferred ways of minimizing stress and
researches have been directed toward achieving this. Bazylenko et al. [28 ] has reported the
experimental results of characterization pure and F-doped silica films using Hollow Cathode
PECVD system for fabrication of silica waveguides. Their results have shown that fluorine
incorporation into silica film reduces both stress and refractive index. However, this trend of
stress and refractive index reduction does not continue as more CF4 is introduced into the
mixture, but reverses trend and causes more abrupt increase of stress and refractive index. The
reason is attributed to the scavenging of O2 by CF4 to cause silicon rich film. Increasing the
flow rate of O2 has been suggested as a way of mitigating the scarcity of O2 in the plasma.
However, stress in the film increases as more oxygen is added into the plasma at the same flow
rate of CF4. Moreover, it does not stop the occurrence of reversal trend at higher CF4 flow rate.
The characteristics of F-doped silica films deposited at various RF powers and O2/CF4/SiH4

flow rates in HC-PECVD have been studied [31]. Figure.5 shows the refractive index and stress
of silica films as the RF power varies from 100W-300W. The results in the figure are obtained
for the flow rates of CF4= 30sccm, O2=50sccm, and SiH4=20sccm. The stress in the silica film
reduces as the RF power increases up to 220W. From 220W onwards, the stress starts to increase
rapidly. XPS analysis of the films has revealed that the stress reversal behavior at 220W
attributes to the onset of oxygen depletion in the plasma and hence silicon richness of the film.
As the flow rate of CF4 is reduced maintaining the same flow rates of SiH4 and O2, the RF power,
at which the onset of oxygen depletion occurs, increases markedly. On the other hand, for
higher CF4 flow rates, the RF power, at which the onset of oxygen depletion occurs, reduces
only slightly. For instance, the increase in CF4 flow rates from 30sccm to 46sccm has reduced
the required RF power for oxygen deficiency slightly by only 4W. The RF power, required for
onset of oxygen deficiency in the plasma, for various CF4 flow rates has been obtained and
plotted in Figure 6. The results clearly indicates that for a given SiH4 and O2 flow rates, there
is a threshold RF power below which oxygen depletion in plasma will not occur even at
practically higher CF4 flow rates. This means that continuous reduction in silica film stress as
well as refractive index can be achieved with incorporation of more fluorine into the film. It is
even possible to deposit oxide film with slightly tensile stress at higher CF4 flow rates. This is
particularly useful to reduce the overall stress in thick film deposition [33] and to form MEMS
structures that are not prone to buckling [34].

It has been indicated before that it is possible to shift the occurrence of oxygen depletion in the
plasma to a higher CF4 flow rate by increasing oxygen flow rate in the gaseous mixture. This
is an obvious solution as more oxygen will be available in the plasma, and causes oxygen rich
film. However, the film becomes more stressed. In order to reduce the stress in the film while
increasing permissible CF4 flow rate range in which oxygen depletion does not occur, SiH4

flow rate is reduced. This has lowered the silicon content of the silica film and less stressed
film results [31]. Figure 7 (a) and (b) show stress and refractive index of silica film deposited
at various CF4 flow rates at 300W RF power and O2=100sccm for SiH4=20sccm and SiH4 =
15sccm, respectively.
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Figure 6. RF powers and CF4 flow rates at which oxygen depletion starts to occur

Depositing a desired film thickness is based on characterizing deposition rate at the given
deposition condition. Measuring deposition rates of silica films at various CF4 flow rates have
shown that deposition rates are almost constant independent of CF4 flow rates [31,32]. This
behavior is quite attractive for depositing F-doped graded index layers for making planar
waveguides and planar grin lenses. Figure 9 shows the constant deposition rate of silica film
at RF power = 300W, O2 = 100sccm and SiH4 = 15sccm for various CF4 flow rates.

The above deposition techniques have been used to form silica films as thick as 90μm as shown
in Figure 8. Such successful thick film deposition is attributed to the reduction of stress in the
film to almost zero. This is useful characteristics for realizing optical components on silicon
chip including planar silica waveguides, planar silica lens and 3D micro-lens.

Figure 5. Refractive index (green) and stress (blue) as a function of RF powers
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Figure 8. SEM cross-sectional view of thick fluorine-doped graded index silica layer deposited by HC-PECVD deposited
on a plane silicon substrate;

Figure 9. Deposition rate as a function of CF4 flow rates

(a) (b)

Figure 7. Refractive index and stress for various flow rates at (a) SiH4= 20sccm (b) SiH4=15sccm
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By depositing silica films with parabollically graded refractive index profile, planar silica lens
can be fabricated [32, 35]. The desired graded index profile as a function of thickness is
represented by step wise approximation. An index step of 0.001 has been found to minimize
optical loss due to the approximation to only 0.5dB [30]. The step index of 0.001 or less is,
therefore, often chosen for step-wise approximation of the desired refractive index profile.
Based on the chosen step index, the corresponding step height at a desired thickness can be
computed from the refractive index profile. The refractive index value at the desired height
corresponds to a unique CF4 flow rate (depending on other deposition conditions such as
Figure 7(a) or (b)), and the step height corresponds to deposition duration (based on deposition
rates) for the constant and corresponding CF4 flow rate. Thus, the desired refractive index
profile can be translated into a deposition schedule which indicates what CF4 flow rate to use,
for how long and when. The CF4 flow rate at the scheduled time determines the refractive
index. How long the CF4 is maintained at the scheduled time determines the step height at the
desired thickness, which is related to the scheduled time.

It is important to confirm that the deposition schedule has resulted in the desired parabolic
graded index profile. This is done by confirming experimentally the periodic refocusing
characteristic of the graded index profile. To measure the periodic refocusing length, first spin
Polymer poly (N-vinylpyrrolidone) (PVP) doped with Xanthene dye, Phloxine B, on top of the
deposited graded index layer. A green light from a single mode fiber coupled to a frequency
doubled Nd:YAG laser (532 nm) source can then be shined onto the graded index silica side
of cleaved sample. The resulting periodic yellow emissions due to the excitation of the dye
from the extension of the evanescent field into the polymer layer can be measured to determine
periodic refocusing length.

4. Silica micro-machining

In addition to the ability to deposit thick and refractive index modulated silica layers, capability
of micro-machining thick silica film is also necessary to form micro-optical components on
silicon substrate. Vertical and relatively smooth sidewalls are desired in most situations.
Reactive ion etching is capable of providing such etching characteristics. Unlike silicon,
reactive ion etching of silica is a more aggressive process as there are no gaseous species that
react with silicon-dioxide spontaneously. Some level of reactive ion bombardment and
fluorocarbon polymer film deposition are needed. The fluorocarbon film reacts with silica in
the presence of ion bombardment to form a volatile SiF4. To increase the etch rate of silica and
improve mask selectivity, the ionic current density, ionic energy, and F/C reactive ion species
are required not only to be boosted [36 ] but also independently controlled. Inductively coupled
plasma (ICP) reactive ion etching system can fulfill these requirements. The substrate potential
with respect to the plasma can be independently controlled by the platen RF power. High
density plasma, controlled by the RF coil power, can be generated at low pressure to result in
the desired ionic current density. Advanced Oxide Etch STS ICP has been used to etch thick
silica and glass layers using various masks [37]. Photoresist masks are acceptable when the
etch depth of less than 6μm are required. For deeper etches in a range of 6μm-50μm, polysilicon

Optical Fibre on a Silicon Chip
http://dx.doi.org/10.5772/54246

557



Thick fluorine -doped graded 
index Silica Layer

Silicon substrate

91
 μ

m

Figure 8. SEM cross-sectional view of thick fluorine-doped graded index silica layer deposited by HC-PECVD deposited
on a plane silicon substrate;

Figure 9. Deposition rate as a function of CF4 flow rates
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Figure 7. Refractive index and stress for various flow rates at (a) SiH4= 20sccm (b) SiH4=15sccm
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By depositing silica films with parabollically graded refractive index profile, planar silica lens
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density plasma, controlled by the RF coil power, can be generated at low pressure to result in
the desired ionic current density. Advanced Oxide Etch STS ICP has been used to etch thick
silica and glass layers using various masks [37]. Photoresist masks are acceptable when the
etch depth of less than 6μm are required. For deeper etches in a range of 6μm-50μm, polysilicon
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masks are more appropriate. When the etch depth of greater than 50μm is desired, metal masks
should be used. We have done thick silica film etching using amorphous silicon as a mask in
Advanced Oxide Etch STS-ICP (AOE STS-ICP) system. The etching experiments are discussed
below.

Amorphous silicon film is deposited onto a thick silica layer using HC-PECVD system as an
etch mask for deep silica etch. Mixture of SiH4 and Ar gases at 4mtorr chamber pressure and
300W RF power are employed as process parameters for depositing amorphous silicon film.
Photoresist is spun on amorphous silicon film and photo lithographically patterned. Figure
10(a) shows the cross-sectional view of the patterned photoresist on the top of the amorphous
silicon film. Using the photoresist as the mask, the amorphous silicon film is dry-etched. SF6

and C4F8 chemistry at 20mtorr chamber pressure and 600W (RF coil power)/30W (RF platen
power) are used to etch the amorphous silicon at 1μm/min and expose the silica in AOE STS-
ICP. Figure 10(b) is the cross-sectional SEM images of the patterned amorphous layers on the
top of thick silica.

(a) (b) 

Figure 10. Cross-sectional image of patterned (a) photoresist on the top of amorphous silicon (b) amorphous silicon
on the top of thick silica

Various recipes have been investigated to etch thick silica. The recipes are based on varying
the coil and platen powers while keeping other parameters constant. C4F8 (at 30sccm) and He
(at 300sccm) are used as the process gases at 6mtorr chamber pressure. The coil powers of
1000W, 1400W, and 1800 W and platen powers of 200W, 400W and 500W have been investi‐
gated to optimize the etching process for achieving vertical side wall, high selectivity between
silica and amorphous silicon, and high etching rate. Figure 11 (a) and (b) plot the etch rate,
selectivity between the silica and amorphous silicon layer, and sidewall angle as a function of
coil powers with 400W platen power, and as a function of platen power with 1000W coil power,
respectively. The results indicate that the etch rate, selectivity, and sidewall angle are improved
by increasing platen power at a given coil power or vice versa. Large coil and platen power,
however, have caused the receding of the mask. The mask receding increases proportionally
with coil and platen power and is attributed most likely to the fast erosion of the mask at the
corner edges due to the concentration of electric field at those spots. In order to avoid such
mask receding and achieve the desired etching profile (vertical sidewall and fast etch rate),
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coil RF power of 1400W and platen RF power of 400W have been chosen as best compromising
process parameters. Figure 12 shows the SEM image of the cross-sectional view of the etched
silica layer at the chosen process parameter. Vertical and relatively smooth sidewall has been
achieved.

5. Planar silica lens pairs

Before we look at some applications of silicon and silica micro-machining in optical switching
and optical interconnects, it is important to first present planar silica lens pair. This is because
of the significant applications that this planar ens pair has for optical switching and intercon‐
nect. Hence, the design principles and fabrication of the planar lens pair will be described in
this section.

(a) 

(b) 

Figure 11. Etch rate, selectivity, and sidewall angle for (a) various RF coil power with 400W platen power (b) various
RF platen power with 1000W RF coil power.
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Optical beam will be required to propagate in free space from one planar silica waveguide to
another in Planar Light wave Circuits (PLC). Free Space optical switch and interconnect
systems are based on such requirements. The design of such systems should ensure the
propagation loss be minimized. The free space propagation loss between two planar wave‐
guides depends on the optical beam size, propagation distance, and misalignment ( both lateral
and angular) between the waveguides. These losses have been well understood and the
behaviors can be summarized as follows

• The propagation loss increases with propagation distance.

• The propagation loss increases with lateral and angular misalignments.

• The propagation loss increases as the beam spot size reduces. Such losses are significant
even for small propagation distances, in a range of 10μm-100μm, for the spot sizes of typical
silica waveguides, in a range of 2μm-6μm.

Significant free-space propagation loss at smaller spot size attributes to the large divergence
angle of the optical beam. Such large divergence angle associated with smaller optical beam
size can be reduced by collimating the optical beam at the source and re-focusing the beam
back to the original beam size at the receiving end. Although traditional 3D lens can do the
collimation and re-focusing, it will be difficult to integrate them with planar waveguides.
Therefore, planar lens pairs are needed for planar waveguides.

Planar lens pairs with parabolically graded index profile in a vertical direction and convex
curvature in horizontal direction have been proposed [30]. The design of such lens has been
discussed in detail [30, 35, 38 ]. Here, the design flow chart will be presented to illustrate the
design methodology. Relevant articles and associated equations are referred in the flow chart
to direct interested readers for more detailed information.

The schematic of the planar lens pair with design parameters is shown in Figure 13(a), in which,
dT is the free-space propagation distance, ω0 is the input spot-size of the Gaussian beam. The
graded index profile of silica, defined byn(x)= {n02 1−2Δ(x /ρ)2 }1/2, is used for the design of

micro-lens pair, where Δ =(n0
2 −ncl

2) / 2n0
2 is the relative index change, and x is the transverse

(vertical) coordinate. n0, ncl and ρ are the maximum refractive index, minimum refractive index

Figure 12. Cross-sectional SEM image of deep etched silica film using the optimized etching recipe
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and half-width of the graded index profile, respectively. Other system parameters required
for the planar lens pair design, but not shown in Figure 13(a), are the maximum refractive
index in the graded index profile, n0, the relative index change, ∆, the vertical spot-size ωcx, at
mid-point of the free-space propagation distance and the wavelength λ. The evolution of the
Gaussian input spot-size as it propagates through the micro-lens pair and the free-space in
between is illustrated schematically in Figure 13 (b) and (c). Figure 14 shows the flow chart of
a planar lens pair design procedure for an ideal free-space propagation distance, dT, with zero
loss. Design parameters are taken as inputs to the design flow. Other parameters that will be
calculated during the planar lens pair design include (i) horizontal spot-size at the micro-lens/
air interface, ωiy, (ii) horizontal spot-size at mid-point of the free-space propagation distance,
ωcy, (iii) maximum vertical spot-size in the micro-lens section, ωmx, (iv) radius of curvature
defining the convex shape, R, (v) planar lens length, L, (vi) focusing parameter, α = 2Δ / ρ, (vii)
minimum refractive index of the graded index profile, ncl, and (viii) half-width of the parabolic
graded index profile, ρ.

(c) 

(a) (b) 

) 

Figure 13. (a) Schematic of a planar silica planar lens pair with input and output fibre, (b) side view, and (c) top view,
showing the Gaussian beam evolution in the micro-lens pair and in the free-space.

At the beginning of the design flow, the design parameters, λ, n0, ω0, ωcx, dT/2 and ∆ are used
to find the ABCD parameters [38] in the vertical direction. The outputs of this stage are planar
lens length L and the half-width of the parabolic refractive index profile ρ. Using the value of
ρ, the length of one fourth of the ray period, πρ / 4 2Δ, is calculated where the vertical beam
diameter reaches its maximum value. The maximum vertical beam spot-size ωmx is then
computed. At this stage of design flow, a decision has to be made as to whether the vertical
beam spot-size is sufficiently small or not because this parameter determines the thickness of
the graded index film to be deposited for the planar lens fabrication. If the decision is ‘No’, the
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and half-width of the graded index profile, respectively. Other system parameters required
for the planar lens pair design, but not shown in Figure 13(a), are the maximum refractive
index in the graded index profile, n0, the relative index change, ∆, the vertical spot-size ωcx, at
mid-point of the free-space propagation distance and the wavelength λ. The evolution of the
Gaussian input spot-size as it propagates through the micro-lens pair and the free-space in
between is illustrated schematically in Figure 13 (b) and (c). Figure 14 shows the flow chart of
a planar lens pair design procedure for an ideal free-space propagation distance, dT, with zero
loss. Design parameters are taken as inputs to the design flow. Other parameters that will be
calculated during the planar lens pair design include (i) horizontal spot-size at the micro-lens/
air interface, ωiy, (ii) horizontal spot-size at mid-point of the free-space propagation distance,
ωcy, (iii) maximum vertical spot-size in the micro-lens section, ωmx, (iv) radius of curvature
defining the convex shape, R, (v) planar lens length, L, (vi) focusing parameter, α = 2Δ / ρ, (vii)
minimum refractive index of the graded index profile, ncl, and (viii) half-width of the parabolic
graded index profile, ρ.
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Figure 13. (a) Schematic of a planar silica planar lens pair with input and output fibre, (b) side view, and (c) top view,
showing the Gaussian beam evolution in the micro-lens pair and in the free-space.

At the beginning of the design flow, the design parameters, λ, n0, ω0, ωcx, dT/2 and ∆ are used
to find the ABCD parameters [38] in the vertical direction. The outputs of this stage are planar
lens length L and the half-width of the parabolic refractive index profile ρ. Using the value of
ρ, the length of one fourth of the ray period, πρ / 4 2Δ, is calculated where the vertical beam
diameter reaches its maximum value. The maximum vertical beam spot-size ωmx is then
computed. At this stage of design flow, a decision has to be made as to whether the vertical
beam spot-size is sufficiently small or not because this parameter determines the thickness of
the graded index film to be deposited for the planar lens fabrication. If the decision is ‘No’, the
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design process will go back to the input stage to change the vertical spot-size at mid-point of
the free-space propagation distance ωcx. Otherwise, the design flow will continue to the next
step to find the lens/air interface horizontal spot-size ωiy, from which the horizontal spot-size
at mid-point of the free-space propagation distance ωcy, is obtained. Using L, n0, λ, ωcy, ω0 and
dT/2 together with ωiy and ωcy, the ABCD parameters in the horizontal direction are calcu‐
lated. Finally, the radius of curvature of the planar lens front-face R, is determined from the
ABCD parameters in the horizontal direction [38].

Based on the design flow chart and design parameters indicated in Table 4(a), planar lens pairs
for dT=200 μm is designed. The calculated parameters for the planar lens pair are provided in
Table 4(b).

dT=200 µm

Design parameters Value

λ 0.633 µm

∆ 0.01

n0 1.40

ω0 2.1 µm

ωcx 5 µm

(a)

dT=200 µm

Calculated parameter Value

ωiy 12.67 µm

ωcy 12.57 µm

ωmx 6.69 µm

R 52.45 µm

L 182.36 µm

α= 2Δ / ρ
ncl

ρ

10.24×10-3 µm -1

1.386

13.8 µm

(b)

Table 4. (a) Design parameters and (b) Calculated parameters for the micro-lens pairs designed for dT=200 µm.
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Figure 14. Design flow chart.

It can be shown from the design methodology of the planar silica lens that as the design pa‐
rameter, dT, free-space propagation distance increases the required thickness of the lens in‐
creases provided that other design parameters are kept the same. For example, for dT=500
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It can be shown from the design methodology of the planar silica lens that as the design pa‐
rameter, dT, free-space propagation distance increases the required thickness of the lens in‐
creases provided that other design parameters are kept the same. For example, for dT=500
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μm, the required thickness of the silica planar lens almost doubles. The thickness of the pla‐
nar lens pairs for dT=200 μm is 2* ωmx+ buffer layer (6μm) + capping layer (4μm)) whereas
for dT=500 μm, the thickness has to increase to 32μm. The implication is that deposition of
low stress thick silica film and its micro-machining will be necessary to create low loss long
free-space optical link on chip. It also signifies the importance of deposition and micro-ma‐
chining techniques discussed earlier.

The planar lens pairs designed for dT=200 μm have been fabricated and tested to substanti‐
ate the design [35]. The SEM image of the planar lens pairs with V-grooves for optical fiber
insertion and alignment is shown in Figure 15. The fabrication process steps consists of thick
graded silica film deposition, silica micro-machining, and wet anisotropic etching of silicon
using TMAH. The process starts with (100) silicon wafer. The graded index silica film with
buffer and capping layers is then deposited on the silicon wafer according to the deposition
schedule obtained from the step-wise approximation of the parabolic graded index profile
designed for dT=200 μm. An amorphous silicon layer is deposited on the top of the thick sili‐
ca layer and patterned. Using the patterned amorphous silicon as a mask, the thick silica
layer is etched to define the convex curvature of the lens, the free space distance between the
lens pairs, and openings on silicon for forming the V-grooves. Finally, the sample is etched
in 25% TMAH with 0.1% of surfactants to form the V- grooves and the free space between
the lens pairs. Figure 16 illustrates the fabrication process steps.

Figure 15. The SEM image of fabricated micro-lens pairs with V-grooves

After fabrication, the input and output optical fibers are inserted into the V-grooves and butt
coupled to the planar lens pair. A 633nm optical signal from a pigtailed laser source is coupled
to the input fiber while the output optical power at the output optical fibre is measured. The
power at the output of the input fiber is measured to be used as a reference power to calculate
the optical loss in the system.
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Figure 17. SEM image of identical micro-lens pairs with various free-space propagation distances

To evaluate the performance of the planar lens pair, various free-space propagation distances
were fabricated, apart from the ideal free-space propagation distance of 200 μm as shown in
Figure 17. The measured and theoretically calculated losses for the planar lens pairs are plotted
in Figure 18 for free-space propagation distances of 50, 100, 200, 300, 400 and 500 μm.

Figure 16. Fabrication process flow.
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Figure 18. Free-space propagation losses with and without the micro-lens pair set ups designed for dT = 200 µm.

The measurement indicates that there is a good agreement between the theoretical calculations
and experimental results. It can also be seen that the planar lens pair is best suited for 200μm
free-space propagation distance, for which it is designed, and the increase in loss from the
minimum is only about 1dB for ± 50% departure from the optimal free-space distance of 200
μm.

Loss reduction in using the planar lens pair in free-space propagation distances in comparison
to the case without the lens pair is also plotted in Figure 18. The coupling loss for 200 μm free-
space propagation distance is measured to be 13.95dB whereas by using the planar lens pair
the loss is reduced to 1.56 dB, which is 12.4 dB reductions in loss. For longer free-space
propagation distances, the loss improvement is even more significant. For example, 19 dB of
measured reduction in loss is obtained for 500 μm of free-space distance using the micro-lens
pair designed for 200 μm. This is particularly significant as it compares to a theoretical 21 dB
loss improvement expected for a micro-lens pair designed for an ideal zero loss free-space
propagation distance of 500 μm.

The application of this planar lens pairs for optical switching and interconnects in a free-space
can be significant as it can be used to collimate light for waveguides integrated on the chip,
and optical fibers coupled to the integrated circuits. The applications of planar lens in MEMS
based optical switch architectures and 3D optical interconnect systems will be described.

6. Applications

6.1. MEMS based optical switching

MEMS based optical switches have been described extensively in the literature. The following
are some characteristic advantages that make MEMS especially suitable for optical switching
applications compared to other optical switching mechanisms such as those based on change
in the refractive index due electro-optic, thermo-optic, acoustic-optic, or free carrier effects
[39-42] and bubble switches [43-45].
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• Low insertion loss and cross talk

• Independent of optical wavelength, polarization and data modulation.

• small size

• Reliability

• Mass-production at low cost

• Enable large matrix switching to be monolithically integrated in a single chip

The continuing increase in the high speed transfer of large data size using the internet and
large increase in the WDM channel count have led to the increased demand for compact and
multi-channel optical switches. MEMS technology has been proposed as a means of meeting
these requirements. As a result, many new developments have been reported in MEMS optical
switches. In fact, it is evolved into a new field of MEMS called MOEMS (Micro- Opto-Electro-
Mechanical Structures).

MEMS optical switches are generally classified as 3-D MEMS optical switches and 2-D MEMS
optical switches. In 3-D MEMS optical switches [46, 47], micro-mirrors are rotated into two
axes to steer optical beam in any desired direction. Because the mirrors can assume any possible
positions, they are also referred as ‘Analog optical switches’. On the other hand, in 2-D MEMS
optical switches, the micro-mirrors assume only two-positions and move into or out of the
optical beam direction. As a result of assuming only two positions, they are called ‘Digital
optical switches’.

6.1.1. 2D MEMS optical switch

The 2D MEMS optical OXC architecture uses a dedicated mirror to cross connect an input port
to a particular output port. The mirror is manipulated by an actuator to assume one of two
positions. When it is in one position, it establishes a connection by directing light from an input
port to an output port. In another position, it moves out of the optical path and ends the
connection. 2-D MEMS switches have been commonly implemented using two approaches:
free-space and guided-wave. Free-space approaches are characterized by the presence of fairly
long, typically larger than 200μm, free space travel and optical fibers as waveguides. On the
other hand, guided-wave approaches are characterized by a short free space propagation
distance and the presence of planar wave guides instead of optical fibers. However, the
coupling of the planar waveguides with optical fibers is required to interface optical signals
from off-chip sources. This is especially the case for telecommunication application where
optical fibers are signal carriers.

6.1.1.1. MEMS Actuators for 2-D MEMS Free space optical switches

Various MEMS actuators are used in 2-D MEMS free space optical switches. These actuators
include Scratch Drive Actuators (SDA) [48, 49], Cantilever, Comb-drive, Torsion Beam, Hinged
Plates and Bridges.
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Figure 18. Free-space propagation losses with and without the micro-lens pair set ups designed for dT = 200 µm.
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Lin et al [50, 51] have used arrays of SDAs to make flip-up mirrors for optical switching ap‐
plications as shown in Figure 19 (a) and (b). Lee et al[52] and Chen et al[53] used SDAs to
create self assembly mechanism for their optical switching system. SDAs were also em‐
ployed to drive a cam-micromotor for optical fiber switching by Kanamori et al [54] as
shown in Figure 19 (c) and (d). Although SDAs are in-plane actuator, not intrinsically bi-sta‐
ble and move only in one direction, it is possible to create bi-stable, two-way actuated, out-
of-plane optical switches by using interleaved micro-hinges, pushrods and two sets of SDAs
such as the one developed by Lin et al[50]. The only disadvantage of SDAs is that they re‐
quire large voltage for operation, typically larger than 100V.

(a) (b) 

) 

(c) (d) 

Figure 19. (a) An array of 8X8 Optical Cross Connect switches from Lee et al [50]. (b) Schematic illustration of SDA
actuated flip-up mirror [50].(c) SDA driven cam-micromotor for optical switch with ‘ON’ and ‘OFF’ position Kanamori
et al[54] (d) SDA driven cam-micromotor [54]

Helin et al.[55] presented a self-aligned bulk-micro-machined optical switch using a cantilever
actuator. The vertical mirror is integrated to the tip of the silicon cantilever beam and V-grooves
for optical fiber insertion and alignment are made in a single wet anisotropic silicon etch as
shown in Figure 20.
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Figure 20. Bulk micro-machined self aligned 2X2 optical switch [55].

Electro-magnetically actuated vertical cantilever actuator is also used by Ji et al [56] to realize
MEMS optical switch using DRIE technology as shown in Figure 21(a) and (b). The vertical
cantilever beam is supported by torsion beams. The vertical micro-mirror, U-grooves with clip
structures for optical fiber insertion and alignment, and actuation structures are all made in a
single dry anisotropic etch.

(a) (b) 

Figure 21. (a) 2X2 optical switch array from Ji et al [56] (b) illustration of magnetic field source and optical switch
system[56]

The cantilever actuators such as the ones used by Helin et al [55] and Ji et al[56] are bi-stable as
a result of employing permanent magnet in electro-magnetic actuation. Two-way out-of-plane
actuation and low-voltage drivability are also other important features of these actuators.

Comb-drive actuator is commonly used for in-plane actuation. Marxer et al [57] used comb-
drive actuator to make an optical switch as shown in Figure 22. DRIE is used to form U-grooves
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for optical fibers insertion and alignment, the vertical mirror and the comb drive actuators in
one mask step.

Figure 22. SEM of actuator-mirror system from Marxer et al [57]

6.1.1.2. MEMS actuators for Guided-Wave 2-D MEMS optical switching

Although MEMS actuators like comb-drives, cantilevers, and suspended plates have been used
in planar waveguide switching, they are developed in a different fashion and actuation
mechanism so that they can be appropriate to PLC applications. This is because the approach
employed for free-space optical switching was not suitable for planar waveguide switching
due to some fundamental differences.

• Large mirror sizes, commonly in the range of 200μm, are required for optical fiber switches
compared to small mirror sizes, in the range of 40μm-50μm, for PLC depending on the beam
waist. Related to this difference, SDA actuators used for optical fiber switching in [50-53]
and Torsion beam and hinges in [58-59] are not appropriate for planar waveguide switching.

• Optical fibers are placed in and aligned using V-grooves (or U-grooves) in free space optical
switches. These grooves can be precisely designed and fabricated to position the core of the
fiber at any level relative to the surface of the wafer. The core can be positioned on or below
the plane surface of the wafer. This flexibility of positioning optical fibers is not possible
with planar waveguides. Planar waveguides are usually fabricated in a different substrate
and assembled above the surface of the wafer. As a result of this inflexibility, cantilever
actuators with electromagnetic actuation similar to those of Helin et al [55] and Ji et al [56]
may not suitable for planar waveguide switching applications.

Current Developments in Optical Fiber Technology570

• Figure 23(a) and (b) shows the comb-drive configuration used by Dellmann et al [60] for
guided wave optical switching. The actuator, the mirror and the trenches were fabricated
in one substrate using DRIE on SOI. The arrays of planar waveguides were fabricated on
another substrate. The two wafers were then assembled together by aligning the waveguides
into the trenches.

(a) (b) 

Figure 23. (a) planar waveguide optical switch matrix[60] (b) Single optical switch[60]

In another configuration for guided wave switching, an actuator consisting of a plate sus‐
pended by four symmetric beams (springs) is used by Iyer et al [61]. The actuator and a single
switch arrangement are illustrated in Figure 24(a) and (b).

(a) (b) 

Figure 24. (a) illustration of actuator used and (b) a single planar waveguide optical switch from Iyer et al[61].

Guerre et al. [62] used a simple cantilever and bridge actuator in the configuration shown in
Figure 25(a) and (b) for PLC switching application.
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(a) (b) 

Figure 25. (a) Cantilever actuator with a micro-mirror[62] and (b) Bridge actuator with a micro-mirror Guerre et al[62]

Figure 26. Optical switching architecture combining both Free space and guided wave features[63].
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6.1.1.3. Combined free space and guided-wave MEMS optical switching

The major drawback of guided wave MEMS optical switching architectures is the requirement
to employ two separate substrates to form the optical switch. This is mainly due to the incompat‐
ibility between the PLC and MEMS actuator fabrication processes employed in the guided wave
optical switching schemes. Thus, developing MEMS actuation mechanism that is compatible
with PLC fabrication processes is necessary to solve the drawback. Moreover, such actuation
mechanism may enable to realize new optical switching architecture proposed by Mackenzie et
al [63]. The architecture is based on planar lens pairs and their integration with MEMS actua‐
tion mechanism. It combines both free-space and guided wave approaches and is illustrated in
Figure 26. It incorporates the advantages of simplicity in free-space architectures and large port
count in guided wave approaches.

The same authors [64] later also suggested a 1X4 modular optical switching layout, which can
be cascaded to make larger matrix optical switches. This switching layout, based on the planar
lens pair, can theoretically minimize propagation loss regardless the matrix size. As a result, it
is expected to provide a significant possibility of realizing multi-channel 2-D MEMS optical
switching.

Figure 27. Desired positions of micro-mirror for planar lens pair optical switching

For such combined Free Space and guided-wave MEMS optical switching architecture to be
realized, micro-mirror actuation mechanism that fulfills the following characteristics is required:
(i) compatibility with planar lens fabrication process; (ii) large out-of-plane deflections; (ii) bi-
stabilty. Figure 27 illustrates the switching positions of the micro-mirror actuation mechanism
with respect to planar lens pairs. When the micro-mirror is moved to position A, it defines an
OFF state. To switch ON the optical link between planar waveguides, the micro-mirror will be
moved down to position B. Since bi-stability is desired for optical switch, the out-of-plane
deflections that define the ON and OFF positions of the micro-mirror should be stable posi‐
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tions. Previously realized micro-mirror actuation mechanism for free space or guided wave
MEMS optical switches do not fulfill the above requirements, and hence are not suitable for
planar silica lens. Bi-stable thermally actuated micro-bridge [65] has been developed to enable
micro-mirror actuation mechanism that is compatible with planar lens pairs fabrication process
steps and provides the required out-of-plane movement. Figure 28 shows the SEM image of
thermally actuated micro-bridge actuator. The actuator has 1200μm length, 80μm width, and
5.5μm effective thickness. It has provided 30μm range of out-of-plane movement. The fabrica‐
tion process [65] is based on releasing a silicon membrane on which the micro-bridge is defined
using wet anisotropic TMAH silicon etch with electro-chemical etch stop. When the micro-
mirror is integrated with the micro-bridge, the length of the micro-bridge is increased to
compensate for the size of the mirror that integrates to the mid-portion of micro-bridge. In
addition, the effective length, the length of the micro-bridge minus the length the mirror, should
be chosen to provide the required out of plane movements for optical switching. In the case of
planar silica lens with dT=200um, the micro-mirror must travel at least 24μm (the thickness of
the planar lens) out-of-plane from the surface of substrate in order to fully intercept the optical
path for either ON or OFF switching operation. Not only the mirror is required to be moved at
least by 24um out-of-plane but also it should stay in that position without requiring power for
bi-stability operation. In other words, the micro-bridge should provide at least 24μm initial out-
of-plane deflection. Based on buckling behavior [66] and bi-stability criteria [67] of the micro-
bridge, the effective length of 1500μm has been calculated. The fabricated micro-mirror actuator
designed for such purpose is shown in Figure 29. The vertical mirror is monolithically integrat‐
ed with micro-bridge. The mirror has an initial out-of-plane deflection of 27μm as seen from
SEM image taken at 80o tilt in Figure 30, and confirmed by MSA Polytech surface analyzer. For
this monolithic integration of micro-mirror, (110) oriented silicon wafer with the primary flat in
(111) is used. This enables to form vertical micro-mirror with sidewall having (111) orienta‐
tion. Other (111) planes at 35.6o from the sides also emerge. The final shape of the micro-mirror
is more like trapezoidal than a perfect rectangle with the top length of 100μm and bottom length
of around 850μm for 270μm thick silicon substrate. The total length of the micro-mirror actuator

 
Figure 28. Bi-stable thermally actuated micro-bridge actuator
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is, therefore, about 2350μm as can be measured from Figure 29. The optical characterization of
the micro-mirror actuator [14] has demonstrated less than 0.9dB optical insertion loss during
ON state and more than 60dB isolation loss during OFF state at 1.3μm wavelength. Combin‐
ing this micro-mirror actuator with planar lens pairs in 1X4 modular optical switch architec‐
tures can provide optical switch with the maximum optical loss of only 2.46dB. The optical switch
can be extended to 2X4 matrix with the maximum loss of 4.02dB. The maximum loss for any NX4
matrix based on 1X4 modular unit is 2.46 + (N-1)*1.56. For an allowable optical loss of 16dB, for
example, the optical switch matrix can be extended to 9X4.

Figure 29. The micro-mirror actuator with monolithically integrated vertical micro-mirror.

Figure 30. Initial out-of-plane deflection of micro-mirror as viewed at 80o tilt

Optical Fibre on a Silicon Chip
http://dx.doi.org/10.5772/54246

575



tions. Previously realized micro-mirror actuation mechanism for free space or guided wave
MEMS optical switches do not fulfill the above requirements, and hence are not suitable for
planar silica lens. Bi-stable thermally actuated micro-bridge [65] has been developed to enable
micro-mirror actuation mechanism that is compatible with planar lens pairs fabrication process
steps and provides the required out-of-plane movement. Figure 28 shows the SEM image of
thermally actuated micro-bridge actuator. The actuator has 1200μm length, 80μm width, and
5.5μm effective thickness. It has provided 30μm range of out-of-plane movement. The fabrica‐
tion process [65] is based on releasing a silicon membrane on which the micro-bridge is defined
using wet anisotropic TMAH silicon etch with electro-chemical etch stop. When the micro-
mirror is integrated with the micro-bridge, the length of the micro-bridge is increased to
compensate for the size of the mirror that integrates to the mid-portion of micro-bridge. In
addition, the effective length, the length of the micro-bridge minus the length the mirror, should
be chosen to provide the required out of plane movements for optical switching. In the case of
planar silica lens with dT=200um, the micro-mirror must travel at least 24μm (the thickness of
the planar lens) out-of-plane from the surface of substrate in order to fully intercept the optical
path for either ON or OFF switching operation. Not only the mirror is required to be moved at
least by 24um out-of-plane but also it should stay in that position without requiring power for
bi-stability operation. In other words, the micro-bridge should provide at least 24μm initial out-
of-plane deflection. Based on buckling behavior [66] and bi-stability criteria [67] of the micro-
bridge, the effective length of 1500μm has been calculated. The fabricated micro-mirror actuator
designed for such purpose is shown in Figure 29. The vertical mirror is monolithically integrat‐
ed with micro-bridge. The mirror has an initial out-of-plane deflection of 27μm as seen from
SEM image taken at 80o tilt in Figure 30, and confirmed by MSA Polytech surface analyzer. For
this monolithic integration of micro-mirror, (110) oriented silicon wafer with the primary flat in
(111) is used. This enables to form vertical micro-mirror with sidewall having (111) orienta‐
tion. Other (111) planes at 35.6o from the sides also emerge. The final shape of the micro-mirror
is more like trapezoidal than a perfect rectangle with the top length of 100μm and bottom length
of around 850μm for 270μm thick silicon substrate. The total length of the micro-mirror actuator

 
Figure 28. Bi-stable thermally actuated micro-bridge actuator

Current Developments in Optical Fiber Technology574

is, therefore, about 2350μm as can be measured from Figure 29. The optical characterization of
the micro-mirror actuator [14] has demonstrated less than 0.9dB optical insertion loss during
ON state and more than 60dB isolation loss during OFF state at 1.3μm wavelength. Combin‐
ing this micro-mirror actuator with planar lens pairs in 1X4 modular optical switch architec‐
tures can provide optical switch with the maximum optical loss of only 2.46dB. The optical switch
can be extended to 2X4 matrix with the maximum loss of 4.02dB. The maximum loss for any NX4
matrix based on 1X4 modular unit is 2.46 + (N-1)*1.56. For an allowable optical loss of 16dB, for
example, the optical switch matrix can be extended to 9X4.

Figure 29. The micro-mirror actuator with monolithically integrated vertical micro-mirror.

Figure 30. Initial out-of-plane deflection of micro-mirror as viewed at 80o tilt

Optical Fibre on a Silicon Chip
http://dx.doi.org/10.5772/54246

575



6.2. MEMS based 3D optical interconnect

Optical link has provided a solution to bandwidth limitation exhibited by wire link. It has
been found to be effective when the length of the link is substantial depending on the data
speed. Optical link is now ubiquitous form of interconnect for switching nodes in telecom‐
munication network, and for rack to rack communication. As the communication speed goes
beyond 10GHz, optical links for board-to-board communication on the PCB and core-to-core
communication on multi-core process on a single chip become viable solutions not only to
resolve the bandwidth limitation of wire interconnects but also to reduce cost and save pow‐
er consumption. As the number of cores in multi-core architecture increases, it is envisaged
that communication speed in order of THz will be reached. Although TSV (Through Silicon
Via) technology is used to reduce the wire interconnect distance between integrated circuits
in 3D stack to increase bandwidth, it is inevitable that optical link in 3D stack will be cost
driven solution. A number of solutions have been proposed to create such optical link. One
of these solutions involves optical propagation in free-space. Focusing elements are required
for low-loss free space optical link. Focusing techniques based on Micro-ball lens [68], fluidic
membrane lens [69], a planar PDMS lens [70] and a polymer lens [71] are not compatible
with planar waveguides and requires separate assembly processes. Planar silica lens pair
discussed earlier in this chapter is well suited for such purpose. The integration of this pla‐
nar lens in the 3D optical interconnect system has been demonstrated [72].

The 3D optical interconnect system employs a pair of 45o micro-mirrors in order to establish
an optical path between stacked silicon dies, as illustrated schematically in Figure 31. The
fabrication processes have been developed to form both facing-down and facing-up 45o mi‐
cro-mirrors. The formation of ultra-smooth facing-up 45o micro-mirrors using surfactant
added low concentration TMAH has been established [11]. The process starts with p-type
(100) silicon wafer with primary flat in (110) direction. The silicon wafer is then thermally
oxidized to grow silicon dioxide. The grown oxide is patterned to expose silicon surface us‐
ing a rectangular mask rotated by 45o from the primary flat so that its edge can orient in
(100) direction. Performing wet silicon etch in surfactant added (1%) low TMAH concentra‐
tion (5%) with successive removal of over-hanging oxide mask produces ultra-smooth 45o

micro-mirror whose surface is in (110) plane. Figure 32(a) shows the SEM cross-sectional
view for the fabricated 45o facing-up micro-mirror.
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Figure 32. (a) Facing-up 45o micro-mirror; (b) Facing-down 45o micro-mirror

Based on the formation of facing-up 45o micro-mirrors, phosphorus diffusion on p-type
substrate on the side where the facing-up 45o micro-mirror is formed, and electro-chemical
etch stop technique at p-n junction, facing-down 45o has been released[73]. The cross-sectional
view of the released facing-down 45o micro-mirror is shown in Figure 32(b).

The fabrication techniques to form facing-up and down 45o micro-mirrors have been modified
to integrate planar silica lens pairs and U-grooves for single-mode optical fiber insertions [74,
75]. Figure 33 and 34 show the modified fabrication process steps for integrating planar lens
pairs with facing-up and facing-down 45o micro-mirror, respectively.

Figure 33. Fabrication process flow for silica lens integrated facing-down 45º micromirror.
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6.2. MEMS based 3D optical interconnect
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nar lens in the 3D optical interconnect system has been demonstrated [72].
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oxidized to grow silicon dioxide. The grown oxide is patterned to expose silicon surface us‐
ing a rectangular mask rotated by 45o from the primary flat so that its edge can orient in
(100) direction. Performing wet silicon etch in surfactant added (1%) low TMAH concentra‐
tion (5%) with successive removal of over-hanging oxide mask produces ultra-smooth 45o
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view for the fabricated 45o facing-up micro-mirror.
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Figure 32. (a) Facing-up 45o micro-mirror; (b) Facing-down 45o micro-mirror

Based on the formation of facing-up 45o micro-mirrors, phosphorus diffusion on p-type
substrate on the side where the facing-up 45o micro-mirror is formed, and electro-chemical
etch stop technique at p-n junction, facing-down 45o has been released[73]. The cross-sectional
view of the released facing-down 45o micro-mirror is shown in Figure 32(b).

The fabrication techniques to form facing-up and down 45o micro-mirrors have been modified
to integrate planar silica lens pairs and U-grooves for single-mode optical fiber insertions [74,
75]. Figure 33 and 34 show the modified fabrication process steps for integrating planar lens
pairs with facing-up and facing-down 45o micro-mirror, respectively.

Figure 33. Fabrication process flow for silica lens integrated facing-down 45º micromirror.
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It should be noted that in both fabrication process steps, the thick silica film deposition and
micro-machining techniques are based on the discussion we had earlier in section 4. In this
case, however, the planar lens pair designed for a free-space propagation distance of 500μm
is employed. The SEM images of the fabricated top die consisting of the facing-down micro-
mirror and one of the planar lens pair and bottom die having facing-up micro-mirror and
the other planar lens pair are given in Figure 35 and 36, respectively.

Si substrate

Step 1: form 45° micromirror on (100) silicon surface

45° micromirrror

Step 2: metal layer deposition – Ti/Au/Cr

Step 3: graded index silica deposition by PECVD

Step 4: amorphous silicon depostion

Ti/Au/Cr layer

amorphous silicon

fluorine doped thick 
silica (SixOyFz) film

Step 5: photolithography – pattern photoresist as a masking layer for 
amorphous silicon etch

photoresist

Step 6: amorphous silicon etch by STS -ICP AOE system

Step 7: remove photoresist by wet or dry clean processes

Step 8: deep silica etch using STS-ICP AOE system 

Step 9: fiber groove etch by STS-ICP bosch process 

Step 10: expose Au reflective layer by removing Cr layer

microlens

Au/Cr layer

fiber groove

Figure 34. Fabrication process flow for silica lens integrated facing-up 45º micromirror.
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Silica planar 
GRIN Lens

Fiber groove

Front 45° 
micromirror

Figure 35. Front facing micromirror with planar silica graded index lens.

(a) (b) 

Figure 36. (a) SEM image of silica planar GRIN lens integrated with facing-down 45º micro-mirror.Flerioof silica pla‐
nar; (b) backside view of facing-down 45º micro-mirror

After fabricating the top and bottom dies separately, they are assembled and aligned one on
the top of the other using micro-positioning system. Input and output single mode optical
fibers are inserted into the U-grooves formed on the dies and butt-coupled to the respective
planar lenses. The input optical fiber is coupled to the pig-tailed laser diode source at 633nm
wavelength. The output fiber is coupled to optical power to measure the received power. The
total optical power loss in the system is measured to be 8.5dB. This is an improvement of more
than 25dB and demonstrates the effectiveness of the planar silica GRIN lens in reducing optical
loss in 3D optical interconnect systems.
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Figure 36. (a) SEM image of silica planar GRIN lens integrated with facing-down 45º micro-mirror.Flerioof silica pla‐
nar; (b) backside view of facing-down 45º micro-mirror
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the top of the other using micro-positioning system. Input and output single mode optical
fibers are inserted into the U-grooves formed on the dies and butt-coupled to the respective
planar lenses. The input optical fiber is coupled to the pig-tailed laser diode source at 633nm
wavelength. The output fiber is coupled to optical power to measure the received power. The
total optical power loss in the system is measured to be 8.5dB. This is an improvement of more
than 25dB and demonstrates the effectiveness of the planar silica GRIN lens in reducing optical
loss in 3D optical interconnect systems.
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