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Preface 

Applications of both short-and long-period fiber gratings are very diverse, especially
the ones related to the optical communications and the optical fiber sensing. In optical
communications different tasks such as wavelength selective filtering, add/drop 
multiplexing and all-optical switching have been performed. Interestingly, optical 
fiber sensing has unique advantages such as immunity to electromagnetic radiation, 
high sensitivity, cost-effective relation, etc. And it is widely used to measure stress,
temperature, pressure or chemical parameters, among others physical variables, 
giving in many cases unrivaled resolution capabilities.

Thanks to my postdoctoral studies under the supervision of Prof. Miguel Andrés, in 
the Optical Fiber Laboratory Group of the Valencia University (Spain), I became
involved in the field of fiber gratings. Our main aim was to develop strictly all-fiber
lasers. In these applications fiber Bragg gratings are currently used as the in-line
mirrors of the Fabry-Perot cavity. However we found another use for fiber gratings 
when we proposed that the propagation of an acoustic wave through a fiber grating 
could control the laser itself, either in regime of Q-switching, active mode-locking, or 
both simultaneously. This finding allows the construction of true strictly all-fiber
lasers, by replacing the standard bulk optics modulators, by acousto-optic fiber grating 
-based modulators. This adds a number of advantages to the laser system such as
increased mechanical stability, low power-insertion losses, enhanced power efficiency, 
high peak power damage, low cost, etalon-free effects and simplified assembly
process.   

Later on, I continued studying fiber gratings but for a different application: the
photonic fractional processing of signals. It is well-known that the inherent speed
limitations of conventional electronics can be overcome by all-optical circuits. These
circuits should be studied in order to assess their application on the execution of some 
common mathematical operations. The possible applications for these devices 
encompass optical pulse shaping, optical computing, information processing systems, 
and ultrahigh-speed coding, among other uses. Generally and up-to-date, the in-fiber
way is preferred, because it offers simplicity, relatively low cost, low insertion loss,
polarization independence, and inherent full compatibility with fiber-optic systems.
Through our work, we demonstrated that by properly designing a fiber grating the
performance of multiple all-optical fractional mathematical operations such as Hilbert 
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VIII Preface 
 

transform, Fourier transform, differentiation, integration, etc. could be achieved. This, 
in turn, allows the application of these fiber grating based fractional mathematical 
operators to different tasks, like phase recovering or optical control.      

Therefore, and considering that the field of fiber gratings is within my research area of 
expertise, I proposed to the InTech publisher to edit a book in this area and now I am 
pleased to say that this idea was favorably received. Today, it is a great honor and 
pleasure for me to introduce this new book: Current Trends in Short- and Long-period 
Fiber Gratings. This is my second collaboration as Editor with InTech, after the success 
of our first book: Applications of Digital Signal Processing (InTech, 2011), which was 
in the top ten of the most downloaded books for several months. I truly hope that this 
new book will also be successfully received by the worldwide scientific community.     

In this book the reader will find a collection of chapters written by different experts 
around the world, covering the broad field of fiber gratings. The main goal of this 
book is to give an updated overview of the current research trends in the rapidly 
evolving field of fiber gratings.   

Finally, I would like to thank all the authors for their contributions since their support 
has been crucial for the fulfillment of this project. In addition, I would like to thank the 
InTech editorial staff for the confidence placed in me to edit this book. On behalf of the 
authors and myself, we hope readers enjoy this book and benefit of its content, which 
provides a thorough understanding of several fields related to this exciting 
technology. 

 
Christian Cuadrado-Laborde 

CIOp (CONICET La Plata-CIC), 
Buenos Aires,  

Argentina 
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A Guide to Fiber Bragg Grating Sensors 

Marcelo M. Werneck, Regina C. S. B. Allil, Bessie A. Ribeiro 
and Fábio V. B. de Nazaré 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/54682 

1. Introduction 

Optical fiber sensors (OFS) appeared just after the invention of the practical optical fiber by 
Corning Glass Works in 1970, now Corning Incorporated, that produced the first fiber with 
losses below 20 dB/km. At the beginning of this era, optical devices such as laser, 
photodetectors and the optical fibers were very expensive, afforded only by telecom 
companies to circumvent the old saturated copper telephone network. With the great 
diffusion of the optical fiber technology during the 1980’s and on, optoelectronic devices 
became less expensive, what favored their use in OFS. 

OFS can be applied in many branches of the industry but we will concentrate here the 
electrical power industry. In this area, the operators need to measure and monitor some 
important physical parameters that include: 

 Strain (µє) 
 Vibration of structures and machines 
 Electric current (from A to kA) 
 Voltage (from mV to MV) 
 Impedance (µΩ) 
 Leakage current of insulators (µA to mA) 
 Temperature 
 Pressure  
 Gas concentration 
 Distance between stationary and rotating or moving parts 

In the electrical power industry (EPI) we have two facts that can cause collapse of an 
electronic sensor: presence of high voltage and presence of high electromagnetic 
interference. Therefore, depending on where we want to measure a parameter it can be very 
difficult or even impossible to use a conventional sensor. The best option to circumvent this 

© 2013 Allil 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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is through the use of an OFS, because the fiber is made of dielectric material sand, therefore, 
it is possible to place them very close or even over a high potential conductor and they do 
not necessarily need electrical power at the sensor location. 

Another problem with conventional sensors is that they all need electric energy to work. 
However, providing electric energy at the sensor location is sometimes difficult if the device 
needs to be far away from any appropriated power supply. It happens in long high voltage 
transmission lines, at high voltage potentials, along pipe-lines or in deep ocean, for instance. 
Since OFS are passive sensors they do not need electric energy to work. 

Therefore we can mention some, very specific characteristics of OFS that are well exploited 
when applied to the EPI: 

 High immunity to Electromagnetic Interference (EMI)  
 Electrical insulation 
 Absence of metallic parts  
 Local electrical power not required  
 Lightweight and compactness 
 Easy maintenance 
 Chemically inert even against corrosion 
 Work over long distances 
 Several sensors can be multiplexed on the same fiber 

There are many options to develop an OFS. The easiest way is by making the measurement 
to modulate the light amplitude that is the power, and ending up with an amplitude 
modulated sensor. These sensors were very common at the beginning of OFS era but they 
gradually were substituted by wavelength based sensors. These are more stable and self-
calibrated as the wavelength does not depend on losses due connectors, modal drifts, macro 
bends, or LED and LASER ageing/drifts.  

In this Chapter we will concentrate on a very special type of OFS: the Fiber Bragg Grating 
(FBG) sensors. 

2. Theory and models of FBG 

Fiber Bragg Grating (FBG) technology is one of the most popular choices for optical fiber 
sensors for strain or temperature measurements due to their simple manufacture, as we will 
see later on, and due to the relatively strong reflected signal. They are formed by a periodic 
modulations of the index of refraction of the fiber core along the longitudinal direction and 
can be produced by various techniques. The term fiber Bragg grating was borrowed from 
the Bragg law and applied to the periodical structures inscribed inside the core of 
conventional telecom fiber. Therefore, before entering the theory of fiber Bragg grating itself, 
it is worth to go back one century behind in order to review the Bragg law. 

Sir William Lawrence Bragg, was born in 1890, a British physicist and X-ray 
crystallographer, was the discoverer, in 1912, of the Bragg law of X-ray diffraction. This 
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principle is used until today for the study and determination of crystal structure, 
particularly in thin film research. Sir Bragg, together with his father, won the Nobel Prize for 
Physics in 1915 for an important step in the development of X-ray crystallography. 

Bragg diffraction occurs for an electromagnetic radiation whose wavelength is the same 
order of magnitude of the atomic spacing, when incident upon a crystalline material. In this 
case the radiation is scattered in a specular fashion by the atoms of the material and 
experiences constructive interference in accordance to Bragg's law. For a crystalline solid 
with lattice planes separated by a distance d the waves are scattered and interfere 
constructively if the path length of each wave is equal to an integer multiple of the 
wavelength. Figure 1 shows the idea. Bragg's law describes the condition for constructive 
interference from several crystallographic planes of the crystalline lattice separated by a 
distance d: 

 2d	sinθ = nλ (1) 

Where  is the incident angle, n is an integer and λ is the wavelength. A diffraction pattern 
is obtained by measuring the intensity of the scattered radiation as a function of the angle . 
Whenever the scattered waves satisfy the Bragg condition it is observed a strong intensity in 
the diffraction pattern, known as Bragg peak. 

 
Figure 1. An incident radiation is reflected by the lattice structure of a crystal and will interfere 
constructively if the Bragg law is obeyed. 

The rst observations of index of refraction changes were noticed in germane silicate bers 
and were reported by Kenneth Hill and co-workers in 1978 [1]. They described a permanent 
grating written in the core of the ber by an argon ion laser line at 488 nm launched into the 
ber by a microscope objective. This particular grating had a very weak index modulation, 
resulting in a narrow-band reection lter at the writing wavelength. In reality, this 
phenomenon happened by chance, when they injected a high power blue light into de fiber, 
unexpectedly, after a few minutes, the transmitted light decayed. It was Friday but they 
were so puzzled with this phenomenon that Hill returned to his laboratory on Saturday to 
make a new experiment. He wanted to know where the light was going to and he had a 
clue. He used a thin microscope slide as a beam splitter in order to monitor a possible 
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reflection from the fiber and there was the missing light [2]. The explanation is that at the 
end of the fiber about 4% of the light was reflected by Fresnel reflection which, in its way 
backwards, interfered with the ongoing light producing an interference pattern. This pattern 
contained peaks and valleys of a stationary wave which imprinted permanently the pattern 
into the core of the fiber as an index of refraction modulation. Initially, the reected light 
intensity is low, but after some time, it grows in intensity until almost all the light launched 
into the ber is back-reected. The growth in back-reected light was explained in terms of 
a new effect called “photosensitivity”. 

After the inscription of the grating into de fiber’s core, due the periodic modulation of the 
index of refraction, light guided along the core of the fiber will be weakly reflected by each 
grating plane by Fresnel effect. The reflected light from each grating plane will join together 
with the other reflections in the backward direction. This addition may be constructive or 
destructive, depending whether the wavelength of the incoming light meets the Bragg 
condition of Eq. (1). 

Now, according to Eq. (1), since =90 and d is the distance between peaks of the 
interference pattern, =2d for n=1 is the approximate wavelength of the reflection peak. That 
is, the fiber now acts as a dichroic mirror, reflecting part of the incoming spectrum. Equation 
(1), developed for vacuum, has to be adapted for silica, since the distances traveled by light 
are affected by the index of refraction of the fiber: 

 λ� = 2n���Λ (2) 

Therefore the Bragg wavelength (λB) of an FBG is a function of the effective refractive index 
of the fiber (eff) and the periodicity of the grating (Λ).  

The photosensitivity phenomenon in optical bers remained unexplored for several years 
after its discovery, mainly due the fact that the resulted Bragg wavelength was always a 
function of the wavelength of the light source used and very far away from the interested 
region of the spectrum, namely, the third telecommunication window. However, a renewed 
interest appeared years later with the demonstration of the side writing technique by Gerry 
Meltz and Bill Morey of United Technology Research Center [3] and later on with the 
possibility of tuning the Bragg wavelength into the C Band of the telecom spectrum. 

Equation (2), also known as the Bragg reflection wavelength, is the peak wavelength of the 
narrowband spectral component reflected by the FBG. The FWHM (full-width-half-
maximum) or bandwidth of this reflection depends on several parameters, particularly the 
grating length. Typically, the FWHM is 0.05 to 0.3 nm in most sensor applications. Figure 2 
shows a typical Bragg reflection peak. The lateral lobes sometimes pose problems in 
automatic identification of the center wavelength and in telecom applications, such as 
wavelength division multiplexing (WDM), these side-lobes need to be suppressed in order 
to reduced the separation between the optical carriers, according to ITU-T-G.694.1 
(International Telecommunications Union). The side-lobes can be suppressed during the 
FBG fabrication by a technique known as apodization. 
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Figure 2. A typical Bragg reflection wave shape with its parameters defined. 

From Eq. (2) we see that the Bragg wavelength only depends on the distance between 
gratings (Λ) and the effective index of refraction (neff).  

Essentially, any external agent that is capable of changing Λ will displace the reflected 
spectrum centered at Bragg wavelength. A longitudinal deformation, due to an external 
force, for instance, may change both  and neff, the latter by the photo-elastic effect and the 
former by increasing the pitch of the grating. Equally, a variation in temperature can also 
change both parameters, via thermal dilation and thermo-optic effect respectively. 

Therefore FBG is essentially a sensor of temperature and strain but, by designing the proper 
interface, many other measurements can be made to impose perturbation on the grating 
resulting in a shift in the Bragg wavelength which can then be used as a parameter 
transducer. Therefore, by using an FBG as a sensor we can obtain measurements of strain, 
temperature, pressure, vibration, displacement, etc. 

Besides the influence of temperature and strain on the Bragg grating periodicity, one can 
also use neff, the fiber effective refractive index (RI) as a parameter transducer. The effective 
refractive index is an average of the RI of the core (nco) and the RI of the cladding (nclad) of 
the fiber. This parameter depends on how much the evanescent field of the core penetrates 
into the cladding. Since the fiber cladding diameter (125 µm) is much larger than the 
evanescent field, the effective RI is undisturbed by external influences. However by a 
corrosion of the fiber cladding by acid etching, one can reach the evanescent field which lies 
about 1.5 µm from the core interface. Now, the effective RI depends also on the surrounding 
RI, that is, the air, a gas or a liquid outside the fiber and we just created a device that can 
measure the RI of substances. 

Since the strain or temperature measurements are encoded into wavelength shifts, these 
sensors are also self-calibrated because wavelength is an absolute parameter. Thus these 
sensors do not drift on the total light levels, losses in the connecting fibers and couplers or 
light source power. Additionally, the wavelength encoded nature of the output also allows 
the use of wavelength division multiplexing technique (WDM) by assigning each sensor to a 
different wavelength range of the available light source spectrum.  
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Using such a device and by injecting a spectrally broadband source of light into the fiber, a 
narrowband spectral component at the Bragg wavelength will be reflected by the grating. 
This spectral component will be missed in the transmitted signal, but the remainder of this 
light may be used to illuminate other FBGs in the same fiber, each one tuned to a different 
Bragg wavelength. The final result of such an arrangement is that we will have all Bragg 
peak reflections of each FBG back at the beginning of the fiber, each one in its specific 
wavelength range. 

In order to calculate the sensitivity of the Bragg wavelength with temperature and strain we 
start from Eq. (2) and notice that the sensitivity with temperature is the partial derivative 
with respect of temperature: 

 ���
�� = 2n��� ���� + 2Λ �����

��  (3) 

Substituting twice (2) in (3) we get: 

Δλ�
ΔT = 1

Λ
∂Λ
∂T λ� +

1
n���

∂n���
∂T λ� 

or rearranging, 

Δλ�
λ� = 1

Λ
∂Λ
∂TΔT +

1
n���

∂n���
∂T ΔT 

The first term is the thermal expansion of silica () and the second term is the thermo-optic 
coefficient () representing the temperature dependence of the refractive index (dn/dT). 
Substituting we have: 

 ���
�� = (α + η)ΔT (4) 

The sensitivity with strain is the partial derivative of (2) with respect to displacement: 

 ���
�� = 2n��� ���� + 2Λ �����

��  (5) 

Substituting twice (2) in (5), we have: 

 ���
�� = �

�
��
�� ΔL +

�
����

�����
�� ΔL (6) 

The first term in Eq. (6) is the strain of the grating period due to the extension of the fiber. 
Suppose we have a length L of a fiber with an inscribed FBG in it. If we apply a stress on the 
fiber of L then we will have an relative strain L/L. At the same time if the FBG has a 
length LFBG it will experience a strain LFBG/LFBG but since the FBG is in the fiber, then 
LFBG/LFBG=L/L. Since the Bragg displacement with extension equals the displacement of 
the grating period with the same extension and, therefore, the first term in Eq. (6) is the unit.  

The second term in Eq. (6) is the photo-elastic coefficient (e), the variation of the index of 
refraction with strain. In some solids, depending on the Poisson ratio of the material, this 
effect is negative, that is, when one expands a transparent medium, as an optical fiber for 
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instance, the index of refraction decreases due to the decrease of density of the material. 
Then, when an extension is applied to the fiber, the two terms in Eq. (6) produce opposite 
effects, one by increasing the distance between gratings and thus augmenting the Bragg 
wavelength and the other by decreasing the effective RI and thus decreasing the Bragg 
wavelength. The combined effect of both phenomena is the classical form of the Bragg 
wavelength displacement with strain: 

 ���
�� = (1 − ρ�)ε� (7) 

where z is the longitudinal strain of the grating. Combining (4) and (7) together we finally 
end up with the sensitivity of the Bragg wavelength with temperature and strain: 

 ���
�� = (1 − ρ�)ε� + (α + η)ΔT (8) 

The parameters in (8) have the following values for a silica fiber with a germanium doped 
core: 

e=0.22, 

=0.55 x 10-6/C, 

and 

=8.6 x 10-6/C. 

Thus the sensitivity of the grating to temperature and strain at the wavelength range of 
1550 nm, after substituting the constants in (8) are: 

 ���
�� = 14.18	pm/°C (9) 

and: 

 ���
�� = 1.2	pm/με (10) 

These theoretical values, though, are not absolute as each FBG of the same fabrication batch 
will present slightly different sensitivities, as we will see later in the following sections. 

3. Temperature compensation 

Equation (8) shows that the Bragg displacement is a function of both strain and temperature. 
By observing only B one cannot tell if the displacement was due to strain, temperature or 
both. If one wants to measure only temperature, the FBG must be protected against strain 
which can be simply done by loosely inserting the FBG into a small-bore rigid tubing. 
However, if one wants to measure strain, it is very difficult to stop variation of local 
temperature to reach the FBG; instead, we have to compensate this variation. In order to do 
this we have to measure the local temperature, by a thermistor, for instance, and apply Eq. 
(4) to calculate the effect of temperature alone in the Bragg wavelength displacement. Then, 
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the displacement of the Bragg wavelength due to strain alone is the total displacement 
observed minus the displacement due to temperature alone. 

This approach is only valid if it was possible to electrically measure the temperature, which 
is not always the case since the local of interest could be a high voltage environment or a 
place with a high EMI. 

The more elegant way is by the use of another FBG on the same fiber, protected against 
strain and at the same temperature as its neighbor. The two FBGs will be in the same fiber-
optic and will provide two different Bragg reflections, one dependent on strain and 
temperature and the other dependent only on temperature, for compensation. 

From Eq. (3) we have for the first FBG: 

 ∆λ�� = K��Δε + K��ΔT (11) 

Where 

 K�� = (1 − ρ�)λ�� (12) 

 K�� = (α + η)λ�� (13) 

Similarly, for the other FBG we have: 

 ∆λ�� = K��Δε + K��ΔT (14) 

Where, 

 K�� = (1 − ρ�)λ�� (15) 

 K�� = (α + η)λ�� (16) 

But since this FBG is strain free, the first term of (14) will not exist and K2 equals zero. 
Equations (11) and (14) can be written in matrix form: 

 �Δλ��Δλ��� = �K�� K��
K�� K��� � �ΔεΔT� (17) 

Equation (17) is called the wavelength shift matrix because its solution gives us the 
wavelength displacements of both FBGs as a function of temperature and strain. However, 
we need to find the sensing matrix that gives us the strain and temperature as a function of 
the wavelength displacement of each FBG. So, we multiply both sides of Eq. (17) by the 
inverse of the 2x2 matrix and get to: 

 �ΔεΔT� = �K�� K��
K�� K���

��
� �Δλ��Δλ��� (18) 

Inverting the 2x2 matrix we have the sensing matrix: 

 �ΔεΔT� =
�

������������� �
K�� −K��
−K�� K�� � � �

Δλ��
Δλ��� (19) 
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In (19) we notice that if  

 K��K�� ≈ K��K�� (20) 

then we would not have a possible solution for Eq. (19) because equations (11) and (14) 
would be two almost parallel lines. This would happen, for instance, if the two FBGs had 
the same coefficients and Bragg wavelength reflection and would, therefore displace 
equally. Notice that Eq. (12) and Eq. (15), as well as Eq. (13) and Eq. (16), respectively, differ 
only by the Bragg wavelength. So, to avoid the redundancy in Eq. (19) we can use FBGs with 
Bragg reflections wide apart.  

Now we can solve Eq. (19) for strain and temperature: 

 Δε = �
�������������

(K��Δλ�� − K��Δλ��) (21) 

 ΔT = �
�������������

(K��Δλ�� − K��Δλ��) (22) 

Equation (21) gives the real strain of FBG 1 as measured by ∆λB1, compensated against 
temperature variation measured by ∆λB2. Equation (22) gives the temperature of the sensors. 
It can be used for further compensation, as for instance the thermal dilation of the metallic 
parts of the setup. 

4. Calibration of FBG with temperature and uncertainty assessment 
As it will be seen below, Eq. (9) is not an exact model for the FBG behavior under 
temperature variation and therefore each FBG has to be independently calibrated in order to 
be possible to tell the temperature by the Bragg wavelength. In this section we demonstrate 
the procedure to calibrate an FBG chain made of five FBGs. In this study five FBGs were 
submitted to temperature variations between 20°C and 85°C in order to verify and quantify 
the parameters of Eq. (4) [4]. 

In order to measure temperature, we can use as many FBG as necessary, in different Bragg 
wavelengths; the only precaution is that each FBG's spectrum should not overlap with its 
neighbor during its displacement when the temperature varies. To obtain the largest range 
for five FBGs we distributed them along the available range of most FBGs interrogators, that 
is, 1530 nm-1570 nm. 

The setup used to calibrate the FBGs is shown in Figure 3. The dotted square represents the 
optical system comprised of a commercial Bragg Meter (Spectral Eye 400 from FOS&S) that 
consists of an ASE (Amplified Spontaneous Emission) broadband source used to illuminate 
the FBGs via Port 1 of the optical circulator. The reflection spectrum of the FBGs returns 
through Port 2 and is directed via Port 3 to an embedded OSA where the reflected spectrum 
is detected and measured. All controls and data can be accessed by a computer connected to 
the USB port of the interrogator. 

Figure 4 shows superimposed spectra of five FBGs recorded in a temperature variation from 
20°C to 85°C.  
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Figure 3. Schematic diagram of the measurement technique [4]. 

 
Figure 4. Superimposed spectra of five FBGs recorded in a temperature variation from 20oC to 85oC[4]. 

The procedure to calibrate the sensors followed the sequence: they were immersed 
simultaneously into a controlled temperature bath and the Bragg wavelengths were 
monitored and recorded along with the temperature given by a NIST-traceable thermometer 
(TD 990, Thermolink, 0.1°C resolution and ±1°C accuracy). Five sets of measurements were 
performed for each sensor in the range of 20°C to 85°C. Table I shows Bragg shift for each 
temperature and for each FBG. 

From the data in Table 1 it is possible to calculate the sensitivity of each sensor, as predicted 
by (4) and the accuracy of the measurement chain. The graph in Figure 5 was built from the 
data in Table 1. 

Table 2 shows a summary of the calibration parameters: the theoretical and experimental 
sensitivities, the correlation coefficients of the curve fittings, the root mean square errors 
(RMSE) and maximum residual errors. 
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T (°C) Average Bragg wavelength peak (nm) 
 FBG1 FBG2 FBG3 FBG4 FBG5 

25 1536,001 1540,928 1545,833 1550,819 1555,723 
30 1536,067 1540,995 1545,903 1550,888 1555,793 
35 1536,128 1541,059 1545,971 1550,959 1555,865 
40 1536,183 1541,116 1546,03 1551,015 1555,922 
45 1536,245 1541,177 1546,092 1551,083 1555,987 
50 1536,310 1541,247 1546,163 1551,147 1556,055 
55 1536,368 1541,308 1546,224 1551,213 1556,119 
60 1536,427 1541,368 1546,284 1551,273 1556,178 
65 1536,497 1541,440 1546,358 1551,345 1556,253 
70 1536,557 1541,501 1546,420 1551,408 1556,317 
75 1536,618 1541,566 1546,484 1551,469 1556,383 
80 1536,680 1541,627 1546,549 1551,539 1556,447 

Table 1. Average Bragg center wavelength of each FBG under temperature variation [4] 

 
Figure 5. Wavelength shift versus temperature for each FBG [4]. 

 

FBG # 
Theoretical 
Sensitivity 

(pm/°C) 

Measured 
Sensitivity 

(pm/°C) 

Correlation 
Coefficient 

(R2) 
RMSE (°C) 

Max. Residual 
Error (°C) 

1 14.05 12.31 0.99982 0.00311 0.003 
2 14.10 12.71 0.99981 0.00328 0.005 
3 14.14 12.95 0.99982 0.00327 0.005 
4 14.19 12.99 0.99993 0.00320 0.006 
5 14.23 13.10 0.99978 0.00363 0.007 

Table 2. Calibration Parameters [4] 
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Figure 6 shows the error analysis for FBG1; the maximum positive error was approximately 
0.004°C at 30°C. The temperature error measurements for other sensors were within the 
range of ±0.007°C.  

 
Figure 6. Error analysis for FBG 1 [4]. 

All correlation coefficients are very close to unity and errors much smaller than 1°C. These 
errors are a combination of the uncertainty of the interrogation system, (±1 pm) and of the 
thermometer used. Using the FBG’s average sensitivity of 13 pm/°C (see Table 2), 1 pm in 
error means a temperature uncertainty of about 0.08°C which is much smaller that the error 
produced by the thermometer.  

 
Figure 7. Temperature calibration responses of FBG 1 [4]. 

Notice in Table 2 that the theoretical sensitivities predicted by Equation (3) are different 
from those obtained in the calibration experiment. Also, Eq. (1) shows λB as a function of neff, 
the average index of refraction between the pristine fiber core and that of the Ultra-Violet 
(UV)-irradiated core. The FBG fabrication processes is not automatic and the radiation time 
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for each FBG inscription is not the same as the laser is turned off by the operator when 
Bragg reflection appears above the desired level. The UV modifies the index of refraction of 
the fiber core and also modifies the values of  in each FBG differently. These results in the 
slightly dispersed sensitivities found above. This effect is confirmed by [5] that 
demonstrated a technique for changing the temperature responsivity of FBGs through 
increased UV exposure over the FBG. 

From the data in Table 2 it is possible to calculate the relationship between wavelength and 
temperature for each FBG. to-one fitting accuracy to the third decimal place in temperature 
and a correlation coefficient R2=0.99996, demonstrating a very good linearity and accuracy of 
FBG sensors for temperature measurements. 

5. Photosensitivity in optical fibers 

Photosensitivity in glass, as mentioned in Session 2, was discovered at the Communications 
Research Center in Canada, in 1978 by Hill and co-workers [1]. It was a new nonlinear effect 
in optical fibers and was called at that time of fiber photosensitivity. 

A decade later after this discovery, Meltz and co-workers [3] have proposed a model for 
fiber photosensitivity. What motivated their model was that at first, fiber photosensitivity 
was detected only in fibers containing germanium as a dopant. 

The model is based on the fact that when germanium-doped silica fibers are fabricated by 
MCVD technique, germania (GeO2) and silica (SiO2) in form of gases combine in high 
temperatures to produce the fiber. During the process though, there is a statistical 
probability that products like Ge-Ge, O-Ge-O, Ge20 and Ge-Si might be formed, which are 
defects in the fiber lattice and are called in the literature as “wrong bonds”. The fiber 
presents strong absorption peak at 245 nm, which is associated with these defects. When 
these defects are irradiated with UV light some absorptions bands appear and the index of 
refraction increases in these points. 

The origins of photosensitivity and the change of the RI as a consequence have yet to be 
fully understood as no single model can explain the experimental results shown in the 
literature. So, it becomes apparent that photosensitivity is a function of several mechanisms 
such as photochemical, photomechanical, thermochemical, etc. [6]. 

One of the models that show consistencies with experimental results seems to be the 
compaction model based on the Lorentz-Lorenz law which states that the RI increases with 
material compression. This idea was pursued  

These equations were fed into the software of the FBG interrogation system which returns 
the temperature of each sensor in a field application. Finally, it is possible to plot the 
calibrating temperature against measured temperature, as shown in Figure 7, presenting a 
one-by [7] that used UV Laser irradiation to produce thermally reversible, linear compaction 
in amorphous SiO2. An accumulated, incident dose of 2000 J/cm2 would produce an 
irreversible compaction and photoetching. The above results are in accordance with the 
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for each FBG inscription is not the same as the laser is turned off by the operator when 
Bragg reflection appears above the desired level. The UV modifies the index of refraction of 
the fiber core and also modifies the values of  in each FBG differently. These results in the 
slightly dispersed sensitivities found above. This effect is confirmed by [5] that 
demonstrated a technique for changing the temperature responsivity of FBGs through 
increased UV exposure over the FBG. 
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temperatures to produce the fiber. During the process though, there is a statistical 
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defects in the fiber lattice and are called in the literature as “wrong bonds”. The fiber 
presents strong absorption peak at 245 nm, which is associated with these defects. When 
these defects are irradiated with UV light some absorptions bands appear and the index of 
refraction increases in these points. 

The origins of photosensitivity and the change of the RI as a consequence have yet to be 
fully understood as no single model can explain the experimental results shown in the 
literature. So, it becomes apparent that photosensitivity is a function of several mechanisms 
such as photochemical, photomechanical, thermochemical, etc. [6]. 

One of the models that show consistencies with experimental results seems to be the 
compaction model based on the Lorentz-Lorenz law which states that the RI increases with 
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the temperature of each sensor in a field application. Finally, it is possible to plot the 
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irreversible compaction and photoetching. The above results are in accordance with the 
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fabrication of Type I and Type IIA FBG. Also, Laser compaction results were found to be 
consistent with those obtained using hydrostatic pressure. Therefore it was observed an 
approximately linear RI versus ΔV/V agreeing with the predictions of the Lorentz-Lorenz 
law. 

Also, in accordance with this model of densification associated with the writing of Bragg 
gratings, Riant and co-workers [8] observed a transition mechanism between Type I and 
Type II gratings. 

Notice that, when a transparent material is compressed we observe two effects that interfere 
with the RI. One is the increase of RI due to the increase of density of the material. The other 
is the photoelastic effect, which is negative for many optical media, and produces an 
opposite effect. However the compression produces an effect much stronger than the 
photoelastic effect and we normally observe an increase of RI in the irradiated parts of the 
FBG. 

With the knowledge that the UV irradiation produces an increase on the RI we can now go 
further and observe physically the FBG. Figure 8 shows the core’s RI along the length of the 
fiber (z axis) with most frequent values of the parameters. The effective RI of the core is the 
average index of refraction of the irradiated portion of the core and is approximately 1.45. 
Due to the UV radiation the variation of the RI is about n=10-4. The grating period () is the 
same as the interference pattern, about 500 nm and the FBG length LFBG is around 10 mm. 

 
Figure 8. The Refraction Index variation of the fiber core along the length of the fiber (z axis) with most 
frequent values of the parameters. 

The interference pattern, however, does not vary as a square wave but rather as an 
approximate sinusoidal waveform, which will inscribe an RI variation on the fiber of the 
same form, as shown in Fig. 9. In the figure, neff is the RI of the pristine fiber core, <neff> is the 
average RI in the FBG region, nDC is the average amount of RI increased by the UV dose 
and nAC is half of the total RI variation in the FBG. 

The mathematical model of the RI in the FBG area as a function of the UV radiation dose (d) 
in Joules and the distance z along the fiber’s axis is [9]: 

 n���(z, d) = n��� + �Δn��(d) + Δn��(d)sin ��
� z� (23) 
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Figure 9. Variation of the Refraction Index of the fiber`s core along the length of the fiber (z axis) 
resultant of a sinusoidal diffraction pattern [9]. 

Notice that both nDC and nAC increase with UV dose and, since the UV radiation is never 
zero along the diffraction region, all FBG length experiences an increase of RI. 

Now we can rewrite Eq. (2) using the average RI in the FBG area: 

 λ� = 2〈n���〉Λ (24) 

For an FBG inscription using the setup of Figure 11, it is necessary first to calculate the angle 
 for the desired Bragg wavelength. Then, the operator monitors the reflection spectrum 
until the reflectivity reaches the desired value. But since <neff>increases during the 
irradiation, so does B, according to Eq. (24). Figure 10 shows the progression of an FBG 
reflection spectrum as UV dose increases. 

 
Figure 10. Progression of an FBG reflection spectrum as UV dose increases [9]. 

The dotted line in Figure 10 shows the path of the Bragg wavelength as UV dose increases, 
or same to say, the variation of <neff>, according to Eq. (24).  

Therefore, two relationships can be obtained from Figure 10: 

 Reflectivity = f(number	of	shots	or	irradiation	time) (25) 

 B = g(number	of	shots	or	irradiation	time), (26) 
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where f(*) And g(*) are arbitrary functions to be determined by curve fitting.  

Both reflectivity and Bragg wavelength increase with the number of laser shots because each 
shot represents a certain amount of UV energy and the energy is integrated producing the 
stress inside the fiber core. These equations will be important when an FBG is designed. 

As UV dose increases, so does reflectivity, but up to a threshold above which the reflectivity 
starts do lower again. This is due to the competing effects between the increase of RI due to 
the increase of density of the material and the photoelastic effect, which is negative for many 
optical media. Above the threshold limit, the photoelastic effect is stronger than the increase 
of density, probably because this last effect saturates while the photoelastic effect does not. 
The threshold is about 500 mJ/cm2 and this value is considered to be the limit separating 
Type I gratings to Type IIA. While during the formation of Type I FBG, B experiences a red 
shift (see Figure 10), during the erasure of the FBG in type IIA formation, the Bragg 
wavelength experiences a blue-shift. Above this limit, the FBG starts to be erased until it 
completely disappears. 

Bragg grating in germanosilacate fibers exhibits a temperature decay dependency. Type I 
FBGs are found to present reasonable short term stability up to 300°C, whereas Type IIA 
gratings exhibit very good stability up to 500°C [6]. 

Therefore, after fabricating a Type I FBG it is recommended to submit them to an annealing 
process up to a temperature that exceeds the service temperatures of the application in order 
to produce an accelerated ageing. 

Conventional telecommunication fibers normally present around 3.5% concentration of 
germania doping. These fibers will weakly respond to UV radiation (n10-5) and will grow 
low reflectivity FBGs. Only fiber with 5% plus GeO concentration present photosensitivity 
enough to be useful for FBG fabrication, but are more expensive than conventional 
telecommunication fibers. Those fibers with up to 30% of dopant concentration are 
produced by several fiber makers such as Nufern, Fibercore and IPTH. 

Another dopant used is GeO co-doped with boron; these fibers present an enhanced 
sensitivity however causing an increase in losses. Therefore, boron co-doped fibers are not 
good for long sensing distance, they are limited to some few meters only in contrast with 
pure GeO doped fibers that can be used to remotely monitor parameters which are several 
kilometers away from the interrogation system. 

Another way of enhancing the fiber sensitivity is by hydrogen diffusion into the fiber core. 
The mechanism causing an increased sensitivity is thought to be due the reaction of H2 with 
GeO. In highly doped fibers there is a significant concentration of Ge-O-Ge bonds. H2 reacts 
with these bonds resulting in the formation of Ge-OH, which absorbs UV radiation and 
therefore increasing the internal stress into the core of the fiber [10]. 

The hydrogen diffusion is accomplished by leaving the fiber into a tight enclosure with 
hydrogen at high pressure. Pressures from 20 atm to 750 atm can be used but most 
commonly 150 atm. Apart from increasing the fiber photosensitivity, hydrogen loading 
allows the fabrication of FBG in any germane silicate and germanium free fibers. 

 
A Guide to Fiber Bragg Grating Sensors 17 

When a hydrogen loaded fiber is taken out of the high pressure vessel it is as soft as cotton 
string. However, by heating the fiber after the exposition, the hydrogen diffuses out in a few 
minutes. 

Hydrogen loading can be also accomplished by a technique known as flame brushing. This 
technique consists in burning for 20 minutes the fiber by a hydrogen-oxygen flame reaching 
temperatures of 1700oC. At high temperature, the excess of hydrogen in the mixture diffuses 
into the fiber. The advantage of frame brushing is that it is possible to sensitize conventional 
telecommunications fibers. The disadvantage, however, is that the flame burns the fiber 
acrylate buffer in an area larger than that of the FBG itself which demands a posterior fiber 
recoating. 

6. Fabrications techniques 

As mentioned above the interest in FBG started with the possibility of inscribing the grating 
sideways as demonstrated by Meltz [3] and with the possibility of tuning to a desired 
wavelength along the telecom band. From then on, many FBG applications appeared first in 
telecom such as add/drop, dense wavelength division multiplexing (DWDM) mux/demux, 
filters, lasers, and so on. Later, with the telecommunications devices and equipments 
decreasing prices, FGBs started to be used as sensors in a commercial basis. 

The first technique used to inscribe a FBG in the fiber was the interferometer and it is used 
in many different configurations (Figure 11 shows a basic interferometer). A laser beam is 
divided in two by a beam splitter or a prism. Each part is reflected in mirrors to meet again 
to form a interference pattern over the fiber to be inscribed. Cylindrical lenses concentrate 
the beams in the inscribing area of the fiber, about 5 mm by 200 µm in order to increase the 
density of the UV dose. 

 
Figure 11. A basic interferometer. 
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Figure 11. A basic interferometer. 
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The period of the interference pattern () depends on the wavelength of the light used for 
writing (Laser) and also on the half-angle between the two interfering beams () as shown in 
Eq. (27). 

 Λ = ������
������ (27) 

There are some disadvantages when using such arrangement as, for instance, the difficult to 
align the beams, the necessity to achieve a very good spatial coherence on the laser and 
problems associated with air flow which slightly modifies the RI of the air distorting the 
wave front of the beams. This effect could lead to an FBG of poor quality. The advantage is 
that one can adjust the mirrors in order to vary the grating period to virtually any value 
around the telecommunication band. 

Nowadays we rely on the phase-mask technique which is a diffractive optical element that 
spatially modulates the UV beam with period pm. The phase masks are formed in a fused 
silica substrate by a holographic technique or electron beam lithography. 

When a laser beam is incident to the phase mask a diffraction occurs and the beam is 
divided into several diffraction orders. The zero order is suppressed to less than 3%, but the 
+1 and -1 orders prevail with most of the remaining power. These two orders start from the 
same point on the other side of the phase mask but are divergent. At the near field an 
interference pattern is produced as the two orders cross each other, with a period 

 Λ = ���
�  (28) 

The optical fiber is placed in contact or in close proximity to the phase mask, inside the near 
field where the interference pattern is produced as shown in Figure 12. An increased power 
density can be achieved by the use of a cylindrical lens parallel to the fiber, before the phase 
mask. 

 
Figure 12. A laser beam inscribing gratings in a optical fiber through a phase mask. 

The advantage of the phase mask is that its setup is much simpler because there is no need 
for the laser to have a good coherence and there are no mirrors to align. However, as the 
phase mask is such a fragile optical element, the close proximity of the fiber to the phase 
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mask surface can scratch it. If the distance between the phase mask is increased by a few 
millimeters the fiber will be illuminated by a narrower interference and the FBG will be 
accordingly narrower. Another disadvantage of the phase mask technique is that the 
periodicity of the FBG inscribed is fixed by the one of the phase masks, according to 
Equation (28). 

An alternative setup is shown in Figure 13 in which the phase mask is far away from the 
fiber and the two mirrors redirect the +1 and -1 refracted orders back to the fiber.  

The advantage of such setup is that one can adjust the Bragg wavelength by the angles of 
the mirrors. 

 
Figure 13. Most common setup used with a phase mask. 

7. FBG fabrication parameters 

When specifying an FBG the following parameters must be known: 

 Central Brag wavelength, B 
 FBG width, FWHM 
 Reflectivity 

Bragg wavelength(B) depends essentially on the phase mask periodicity or on the laser 
wavelength, and on the intersection half-angle in the case when an interferometer setup is 
used (Figure 11). However, the UV dose also modifies the Bragg wavelength, according to 
Eq. (25). 

FWHM depends on the FBG length and on the UV dose, according to the following 
Equation [6]: 

 FWHM = λ�s�� ��
������

� + �
�
�
 (29) 
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where, n is the amplitude of the induced RI in the fiber, n=2 x nAC (see Figure 9), B is the 
final Bragg wavelength, s is 1 for strong reflection grating with reflectivity close to 100%, or 
0.5 for weak gratings, N is the number of grating planes, N=LFBG/. 

Reflectivity, as it has been seen in later sessions, is a function of the UV dose in J/m2, the 
amount of Germania doping in the fiber and the hydrogenation processes. Equation (26) can 
be useful for predicting the reflectivity and this parameter can also be adjusted by varying 
the FBG length. This is accomplished by adjusting the laser beam width. One can produce 
lengths as small as 2.5 mm obtaining, thus very low reflectivity and lengths as large as 15 
mm obtaining a reflectivity around 100%. 

Therefore, when projecting an FBG inscription, one has to carry out an inverse engineering 
to preview how much B will displace during the inscription to the desired reflectivity and 
decrease this value to the desired Bragg wavelength in order to adjust the mirrors 
accordingly. 

As none of the above parameters are not precisely known, the best way to know the exact 
time of irradiation is by experimental tests. 

8. Interrogation techniques for FBG sensors 
The main challenge when it comes to FBG sensing is the method to demodulate its 
wavelength changes. The use of FBG sensors is connected to the development of techniques 
to interrogate these sensors and detect Bragg wavelengths shifts as a function of the 
parameter being measured.  

The easiest way to interrogate an FBG is by the use of an optical spectrum analyzer (OSA) 
which performs a direct measurement of the reflection spectrum of the FBG. The other 
method is based on the conversion of wavelength variations into optical power intensities. 

The technique using an optical spectrometer is very simple. The interrogation system 
consists of a broadband optical source which illuminates the FBGs. Their reflected peaks, 
which are represented by each Bragg wavelength λB, are directed to the OSA and monitored 
by a computer, as shown in Figure 3. 

Although being a simple demodulation technique, it presents some disadvantages: first, the 
commercial OSAs are heavy and expensive equipment, besides being inappropriate for field 
applications. Moreover, most of the spectrum analyzers are limited to static measurements, 
so they don’t have sufficient resolution concerning the response time when a number 
sensors are being interrogated. A conventional OSA will present an accuracy of about ±50 
pm, which would produce errors of about ±4°C and ±60 µ, according to equations (9) and 
(10). For most applications these errors are unacceptable if compared to conventional 
resistive temperature detectors (RTD) and strain gauges. To detect small variations in 
wavelength the development of new techniques must also ensure essential characteristics 
such as static and dynamic measurements, real-time measurements, accuracy, resolution, 
and low cost, all necessary conditions for field applications. In conclusion this technique is 
only useful for laboratory applications and tests. 
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The setup shown in Figure 3 is also commercially available by a few companies as 
standalone equipment and appropriated to go to the field. In this case they feature 
resolutions as good as ±2 pm and can be programmed to monitor specific parameters as 
pressure, strain, temperature, etc. However, due to the high cost, they will be applicable to 
solve monitoring needs of industries only if the project included as many sensors as possible 
to be monitored by one single unit to have the total price divided by the number of sensors. 

The other demodulation technique uses a Fabry-Perot (FP) tunable filter. Although the 
interferometric FP filter method is a consolidated technology, showing high resolution and 
accuracy, it still presents a moderate cost. The tunable optical filter scheme is based on a 
Fabry-Perot extrinsic cavity, which is adjusted by mirrors and by varying the internal cavity 
of a PZT crystal by means of an external power supply, enabling the filter adjustment and 
selection of the desired wavelength. This relationship between the changes in the filter 
wavelength as a function of an applied voltage is linear. Defects in the geometry of the lens 
during the filter manufacturing process can cause instability in the measurement system, so 
that the optical spectrum of the filter is not entirely symmetrical. 

The demodulation setup using a FP filter is shown in Figure 14. A broadband light source 
was used to illuminate the FBG sensor via an optical circulator. The reflected spectrum of 
the sensor passes through the FP tunable filter with a 0.89 nm bandwidth.  

This demodulation technique is based on the same principle of an FM radio signal 
demodulated by an edge filter. The signal waveband is made to vary at the wedge of a filter 
that will transmit a variable power proportional to the variation of the signal frequency. In 
our case, proportional to Bragg shift. In reality, the transmitted signal through the filter is 
proportional to the convolution between the signal power and the filter response. 

 
Figure 14. The interrogation setup using a Fabry-Perot filter (adapted from [11]). 
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The optimum position of the center wavelength of the FP filter is chosen by an algorithm 
described by [11]. The dashed area on the spectra drawing (inset in Figure 14) is the 
intersection between the spectrum of the reflected signal and the band pass of the FP filter. 
The integral of this area represents the total light power that reaches the photodetector. 

 
Figure 15. Spectral curves for the Fabry-Perot filter, FFP(), and the FBG, FFBG(). 

The spectral curves for the FP filter, FFP(), and for the FBG, FFBG(), are shown in Figure 15, 
where the sensor is at quiescent state. The vertical axes show the relative transmittance of 
the FP filter and the relative reflectance of the FBG sensor, respectively. The numerical 
convolution FFP()*FFBG() represents the available power to the photodetector as a function 
of the wavelength shift. The convolution curve is shown in Figure 16. 

 
Figure 16. The convolution between FFP()*FFBG(). 
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Instead of an FB filter, it is possible to use another FBG, in this case used as a dichroic 
mirror, differently from the FP filter which acts by light transmission. A broadband light 
source injects light into port 1 of the optical circulator 1. The light circulates to port 2, 
illuminating the FBG sensor. The reflection spectrum of the FBG sensor is deviated to port 3, 
and enters through port 1 of circulator 2. Circulator 2 deviates the signal to the twin FBG 
filter, through port 2. Only the superimposed wavelengths (inset graphic) reflect back to 
circulator 2, which deviates the light to the photodetector through port 3.  

This demodulation scheme is very simple, and reduces the cost of the setup implementation; 
however, the twin FBG must be manufactured at an exact wavelength to provide an 
optimized operation procedure. 

 
Figure 17. Schematic diagram of experiment for AC voltage measurement by using the twin grating 
filter technique [11]. 
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1. Introduction 

Optical fiber Bragg gratings (FBG) are key devices for optical communication and sensors. 
FBGs are based on a periodic variation in the refractive index of the fiber core and allow for 
the reflection of a narrowband signal centered at a specific Bragg wavelength. Over the last 
two decades, FBGs have been manufactured mainly by modifying the core refractive index 
using interferometric or point-by-point techniques; most of interferometric techniques use a 
phase mask and an ultraviolet (UV) laser [1] (typically excimer or frequency doubled Ar+ 
ion) or femtosecond (fs) lasers (near IR [2] or UV [3]). Gratings based on surface 
corrugations have also been demonstrated in etched fibers using photolithographic 
techniques [4]. All gratings fabricated in thick fibers have weak refractive index modulations 
(Δnmod~10-4-10-3) and the related grating lengths are of the order of several millimeters.  

Structural miniaturization is one of the current trends for achieving higher-bandwidth, 
faster response and higher-sensitivity. Experimentally, FBG miniaturization has been 
achieved in two steps. Firstly, the fiber has been tapered into a subwavelength-scale 
microfiber (MF), considered to be the basic element for miniature fiberized devices and sub-
systems [5]. Then strong refractive index modulations (Δnmod>10-1) are induced. Large Δnmod 
can be obtained by alternating layers of different materials, one of which can be air. 
Although this process in normal optical fibers imposes the removal of large amounts of 
material (the propagating mode is confined at a depth >50 µm from the fiber surface), in 
fiber tapers and tips it only requires the removal of ~10,000 less matter because the 
propagating mode is confined by the silica/air interface in areas with micron size. A few 
techniques have been proposed to fabricate surface-corrugated fiber gratings (SCMGs), 
including photorefractive inscription using etching [6], femtosecond lasers [7, 8], and 
focused ion beam (FIB) [9-16]. So far, FIB is the most flexible and powerful tool for 
patterning, cross-sectioning or functionalizing a subwavelength circular microfiber due to 
its small and controllable spot size and high beam current density. In the past two years, a 
number of ultra-compact SCMGs have been successfully fabricated by FIB milling, with 
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1. Introduction 

Optical fiber Bragg gratings (FBG) are key devices for optical communication and sensors. 
FBGs are based on a periodic variation in the refractive index of the fiber core and allow for 
the reflection of a narrowband signal centered at a specific Bragg wavelength. Over the last 
two decades, FBGs have been manufactured mainly by modifying the core refractive index 
using interferometric or point-by-point techniques; most of interferometric techniques use a 
phase mask and an ultraviolet (UV) laser [1] (typically excimer or frequency doubled Ar+ 
ion) or femtosecond (fs) lasers (near IR [2] or UV [3]). Gratings based on surface 
corrugations have also been demonstrated in etched fibers using photolithographic 
techniques [4]. All gratings fabricated in thick fibers have weak refractive index modulations 
(Δnmod~10-4-10-3) and the related grating lengths are of the order of several millimeters.  

Structural miniaturization is one of the current trends for achieving higher-bandwidth, 
faster response and higher-sensitivity. Experimentally, FBG miniaturization has been 
achieved in two steps. Firstly, the fiber has been tapered into a subwavelength-scale 
microfiber (MF), considered to be the basic element for miniature fiberized devices and sub-
systems [5]. Then strong refractive index modulations (Δnmod>10-1) are induced. Large Δnmod 
can be obtained by alternating layers of different materials, one of which can be air. 
Although this process in normal optical fibers imposes the removal of large amounts of 
material (the propagating mode is confined at a depth >50 µm from the fiber surface), in 
fiber tapers and tips it only requires the removal of ~10,000 less matter because the 
propagating mode is confined by the silica/air interface in areas with micron size. A few 
techniques have been proposed to fabricate surface-corrugated fiber gratings (SCMGs), 
including photorefractive inscription using etching [6], femtosecond lasers [7, 8], and 
focused ion beam (FIB) [9-16]. So far, FIB is the most flexible and powerful tool for 
patterning, cross-sectioning or functionalizing a subwavelength circular microfiber due to 
its small and controllable spot size and high beam current density. In the past two years, a 
number of ultra-compact SCMGs have been successfully fabricated by FIB milling, with 
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lengths as small as ten micrometers. In addition, a variety of other techniques have been 
proposed to generate gratings exploiting the fraction of power propagating in the 
evanescent field: these include wrapping a microfiber on a microstructured rod or put a 
microfiber on a surface-corrugated planar grating. This chapter reviews recent advances in 
ultra-small SCMGs, their characteristics and applications. 

2. Theory 

2.1. SCMG spectral properties  

In SCMGs, strong Δnmod is achieved alternating layers of air and glass. Figure 1 shows a 
typical SCMG geometry: the surface-corrugated structure is fabricated by inducing periodic 
microscale open-notches on the side or holes across the optical microfiber. 

 

Figure 1. Schematic illustration of SCMGs. L and Λ are the grating length and period, respectively. j


is 

the unit vector along the fibre longitudinal axis. 

In the grating, the forward (f) and backward (b) propagating modes are related by 

 2 .b f m j  


  
 (1)  

where βi = (2π/λ)neff,i (i = f or b) is the mode propagation constant, m is the diffraction order, 
Λ is the period of the grating and j


is the unit vector along the fibre longitudinal axis. In a 

more physical perspective, Eq. (1) means that the momentum mismatch between the 
forward and backward propagating modes should be compensated by the reciprocal vector 
provided by the periodical index modulation. For the first-order diffraction which is 
commonly seen in SCMGs: 
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  , , .eff f eff b Bn n     (2)  

Furthermore, if the two modes are identical, the commonly used Bragg resonance condition 
can be obtained, namely, λB = 2neffΛ. 

For a SCMG, the effective index difference between the MF milled and un-milled cross 
sections can be as large as ~ 10-3[9], or even ~ 10-1[12], orders of magnitude larger than that in 
conventional FBGs. One way to calculate an averaged effective index of the grating region is 
to choose an unperturbed waveguide boundary using the method developed by W. Streifer 
[17]: the boundary between different materials is shifted to compensate for different 
geometry, shown as the dashed line in Fig. 2. d is the depth of the corrugation and heff is the 
boundary shift from the top of the corrugation to the new boundary of the corresponding 
unperturbed waveguide. The boundary shift heff illustrated in Fig. 2(b) and (c) is determined 
so that the volume bounded by the upper part of the corrugation (SAτ) is equal to the 
volume bounded below [SB(1-τ)], i.e. 

 (1 ).A BS S    (3) 

where τ is the duty cycle. The averaged effective index could thus be obtained by mode 
analysis after the unperturbed waveguide boundary is established.  

 
Figure 2. Equivalent unperturbed geometry. The cross-sections of (a) an un-milled MF, (b) a milled MF 
and (c) an equivalent unperturbed geometry, respectively. d is the groove height and heff is effective 
height, obtained solving eq. 3.. 

The SCMG reflection spectrum can be estimated using [18]. However, due to the large 
index difference in the corrugation region, strong scattering may occur. A more effective 
way to verify the experimental spectrum obtained from the SCMG is a 3D finite element 
simulation, as shown in Fig. 3. This method takes the details of the structural 
deformation into consideration and thus better reflects the real situation experienced by 
the light field. 
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The SCMG reflection spectrum can be estimated using [18]. However, due to the large 
index difference in the corrugation region, strong scattering may occur. A more effective 
way to verify the experimental spectrum obtained from the SCMG is a 3D finite element 
simulation, as shown in Fig. 3. This method takes the details of the structural 
deformation into consideration and thus better reflects the real situation experienced by 
the light field. 
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Figure 3. (a) Schematic of a 3D finite element simulation of SCMG; the insert shows the magnified 
figure of the biconcave air notch. (b), (c), and (d) Electric fields at wavelength λ1 = 1041.7nm, λ2 = 
1363.6nm, and λ3 = 1428.6nm, respectively. (e) SCMG reflection spectra. The red solid line is the 3D 
simulation line while the blue dashed line is the experiment result. λ1, λ2, and λ3 represent the 
wavelengths whose electric fields are shown in (b), (c), and (d) [19]. 
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2.2. SCMG sensing mechanisms  

In the past years, FBGs have been widely applied to the measurement of chemical, 
biomedical, physical, electrical parameters, especially for structural health monitoring in 
civil infrastructures, where the information of measurands usually rely on the monitoring of 
the shift in wavelength of the reflected Bragg signal with the changes in the measurand (e.g., 
refractive index, temperature, and strain/force). FBG based sensors have a number of 
advantages with respect to conventional sensors, such as compactness, immunity to 
electromagnetic interference, multiplexing, rapid response to real time monitoring, and high 
sensitivity to external perturbations. Compared with conventional FBGs, SCMGs have 
similar applications and advantages with some extra benefits such as ultra-compact size and 
large evanescent field. 

As the effective index and period of grating is a function of r, na, T, and ε, the Bragg 
condition (eq. 2) can be rewritten as [19] 

 2 ( , , , , ) ( , ).B eff f an r n n T T     (4) 

where the refractive index of fused silica and of the ambient medium surrounding the 
SCMGs are denoted by nf and na, T is the temperature and ε is the strain applied to the 
SCMGs. 

2.2.1. Refractive index 

The notable distinction between SCMGs and conventional FBGs lies in the large SCMG 
evanescent field which enables its capabilities for external medium sensing. When a SCMG 
is operated as a refractive index (RI) sensor, the wavelength shift depends on the change of 
na. The sensor sensitivity (Sa) with respect to the ambient medium RI is defined as [19] 

 
( , )
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n r n nd
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   

   
  

 (5) 

Figure 4 shows Sa as a function of rMF. na is chosen to be 1.33 and 1.42, because most of the RI 
sensors work around these values. Sa increases for decreasing MF diameters, as larger 
fractions of power propagate in the evanescent field, thus in the surrounding environment. 
For the same reason, higher external RIs are associated with a larger Sa . Theoretically, the 
largest Sa which can be obtained by SCMG is ~2Λ, typically around 1100 nm/RIU according 
to Eq. (5). This value is comparable to optical microfiber coil resonator sensor [20, 21] and 
higher than sensors based on microcapillary resonator [22] or photonic crystal 
microresonator [23]. 

2.2.2. Temperature  

Temperature affects the Bragg wavelength shift through the thermo-optical effect and 
thermal expansion in three ways: index variation, MF radius variation and grating period 
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change, each of which is represented in Eq. (6). The temperature sensitivity (ST) can be 
defined as [19]: 

 2 eff effB
T T T eff T

f

n nd
S r n

dT n r


  
  
     
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 (6)  

Here, σT (1.2×10−5/°C) is the thermo-optical coefficient and αT (5.5×10−7/°C) is the thermal 
expansion coefficient of fused silica. As thermal expansion contributes less than 2 pm/°C to 
the total sensitivity, it is generally neglected. ST resulting from the thermo-optical effect is ~ 
10 – 20 pm/°C and dominates in temperature sensing, which is in agreement with previous 
results obtained using fiber tip Fabry-Perot interferometers [24]. 

 
Figure 4. Dependence of sensor sensitivity Sa on the MF radius rMF in the range 0.5 – 5µm for two 
values of surrounding medium refractive indices na. Resonant wavelength is set at 1550nm and na is 
chosen to be at 1.33 (blue circles) and 1.42 (red triangles). Only the fundamental mode is considered. 

2.2.3. Strain/Force  

From continuum mechanics, when longitudinal strain is applied to a SCMG, its Bragg 
wavelength shift can be estimated as follows [19]: 

  
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where ε is the applied strain, ν is Poisson’s ratio and pij coefficients are the Pockels’ strain-
optical tensor coefficients of the fiber material. If the MF cross section deformation due to 
the applied strain is neglected, strain sensitivity (SS) is reduced to 
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The effective photo-elastic coefficient peff for a SCMG strain sensor is ~ 0.21, giving SS ~ 1.2 
pm/µ, which is comparable to that of a conventional fiber grating with a Bragg wavelength 
of 1550 nm. This is in agreement with experimental results [25, 26]. SCMG sensors can also 
be characterized by their force sensitivity (SF) 

 2 ,S
F

MF

S
S

r E
  (9)  

where E represents the fibre Young's modulus. Equation (9) shows that SF scales inversely 
with the square of the microfiber diameter. 

For composite structures, like the SCMG wrapped on a PCF mentioned below, sensitivity 
depends on more parameters such as the strain-optical tensor of the photonic crystal fiber 
(PCF) support and the embedding coating.  

3. SCMG fabrication 

Several techniques have been reported in the literature for the fabrication of gratings in MFs 
and they can be classified as follows [19]: 

1. Etch-eroded commercial FBG or UV irradiated FBG [25-33]. 
2. FIB-milled FBG on MFs [9-16]. 
3. Femtosecond-laser-irradiated FBG on MFs [7, 8]. 
4. FBGs exploiting evanescent fields [34-37]. 

Both cladding-etched commercial FBGs and UV irradiated FBGs in MFs are uniform 
microfiber gratings, meaning that the grating region experiences only RI modulation and 
not structural perturbations as indicated in Fig. 1. The most commonly used technique to get 
an uniform microfiber grating is to etch a single mode fiber (SMF) after the FBG has been 
written in the photosensitive Ge-doped core [25, 27-29]. Usually, a hydrofluoric acid 
aqueous solution (~ 20% – 50%) at room temperature is employed for the etching process at 
an etching speed of ~ 0.5 – 2 µm/min. The diameter of the etched fiber can be measured and 
controlled in situ by monitoring the transmission loss. 

Femtosecond-laser-irradiation is another way to induce periodical physical deformations 
on the surface of MFs [8]. During the femtosecond laser irradiation, the ultra-short laser 
pulses transfer energy to the electrons in the material irradiated through nonlinear 
ionization [38]. When a sufficiently high energy is achieved, pressure or shock waves 
cause melting or non-thermal ionic motion, resulting in permanent structural damages in 
the material. Aided with proper phase masks, uniform microfiber gratings can be 
fabricated on the surface of the MFs [7, 8]. 

For the fabrication of ultra-small SCMGs, the main technique is FIB milling or inducing 
external gratings. 
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3.1. FIB-milled SCMGs 

FIB milling, a powerful micromachining technique, has been the tool of choice to fabricate 
SCMGs [9-16]. This method employs accelerated ions to mill nanometer-scale features on 
MF surfaces to form corrugated structures. As the index modulation results from changes in 
the structure, this kind of gratings are called structural SCMGs. 

 
Figure 5. FIB/SEM pictures of gratings fabricated on MF tips (a)[9], (b)[10], (d)[13] and MF tapers 
(c)[12], (e)[14], (f)[15]. Reprinted with permission. Copyright 2011 Optical Society of America, 
Copyright 2012 AIP and Copyright 2011 IEEE. 
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Prior to milling, the MF is coated with a thin film of metal, e.g. aluminum or gold [9-13], to 
prevent charge accumulation which cause ion deflections and large fabrication errors. 
Alternatively, MF can also be laid on a doped silicon wafer [14]: due to van der Waals' 
forces, the MF tightly attaches to the conductive substrate and it avoids charging by 
transferring charges to the wafer. 

During the FIB micromachining process, the MF sample should be fixed firmly in the 
vacuum chamber to minimize sample displacements. A 30kV, 10 – 300pA Ga+ ion beam is 
usually used to get a good milling accuracy. The total milling process takes minutes to hours 
according to the beam current used and milled area. After the machining process, when 
metal coating is not required, the MF is immersed in metal etchant to totally remove the 
metal film and then is cleaned with deionized water. 

Figure 5 shows FIB/SEM pictures of SCMGs fabricated from different groups. Gratings in 
Fig. 5(a), (b), and (d) are fabricated on MF tips while the rest are on tapers. SCMGs are 
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3.1. FIB-milled SCMGs 

FIB milling, a powerful micromachining technique, has been the tool of choice to fabricate 
SCMGs [9-16]. This method employs accelerated ions to mill nanometer-scale features on 
MF surfaces to form corrugated structures. As the index modulation results from changes in 
the structure, this kind of gratings are called structural SCMGs. 

 
Figure 5. FIB/SEM pictures of gratings fabricated on MF tips (a)[9], (b)[10], (d)[13] and MF tapers 
(c)[12], (e)[14], (f)[15]. Reprinted with permission. Copyright 2011 Optical Society of America, 
Copyright 2012 AIP and Copyright 2011 IEEE. 
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Experimentally, SCMGs are characterized with a set-up similar to that shown in Fig. 6(a): 
light from a broadband source is injected into the grating and the reflected light is then 
collected by an optical spectrum analyzer (OSA) (Ando AQ6317B, Japan) after passing 
through a circulator. The fiber tip reflection has been analyzed before grating inscription 
and displayed a negligible reflection over the whole spectrum, showing that the reflection at 
the tip end was insignificant. Fig. 6(b) shows the typical reflection spectrum of a SCMG. 
There is a clear peak at ~ 1572 nm with an extinction of 10 dB. Two side lobes are observed 
at longer (1600 nm) and shorter (1535 nm) wavelengths. The possible explanation of the 
wide bandwidth of the experiment reflection spectrum can be the effective indices variation, 
rough notch surfaces and departure from perfect grating periodicity. 

3.2. SCMG exploiting evanescent fields 

In addition to the previous techniques, other methods have demonstrated or proposed the 
fabrication SCMGs using the strong microfiber evanescent field. SCMGs can be 
manufactured by wrapping a MF on a microstructured rod and then coating them with a 
low-loss polymer. The rod can be obtained by etching a cane used in the manufacture of 
microstructured fibers or it can be a thick microstructured fiber. Here no expensive mask, 
laser or machining set-up is used. Combining current enabling technologies on 
microstructured optical fibers [39, 40] and MFs [41], it is possible to induce periodic or 
variable corrugations leading to the coupling between forward and backward propagating 
waves. The final SCMG structure is shown in Fig. 7(a) [34, 37]: it is a compact and strong 
micro-device with some air holes arranged in a circle. Fig. 7(b) presents a possible rod cross-
section. The mode propagating in the microfiber experiences refractive index corrugations 
because its evanescent field overlaps with the support rod where there is alternation of glass 
and air holes. Here we only consider one ring of air holes; the inner large hole is also filled 
with air and the MF is assumed perpendicular to the rod. When a coordinate increasing 
along the microfiber is used, the surface corrugations experienced by the mode propagating 
along the curvilinear coordinate are similar to those experienced by a mode propagating 
straight in proximity of a conventional planar grating. Unfolding the MF, the MF grating can 
be taken as a coated MF on a planar substrate with air-hole corrugations: the equivalent 
structure is shown in Fig. 7(c) [34, 37]. 

The mode field in the unperturbed waveguide geometry is derived from the perturbed 
(straight) geometry using the method mentioned in section 2.1. If g1 is the boundary 
between the materials with refractive indices n1 (air) and n2 (the rod material, generally 
silica) and g2 is the boundary between the materials with refractive indices n4 (coating) and 
n2, a new g0 is chosen to match the volume of n1 material extending into region A (above g0) 
with the volume of n2 material extending into region B (below g0), as shown in Fig. 8(a). We 
introduce the effective distance deff between g2 and g0 as[34, 37]: 

 2
1 2 0 1 2 2 /effd g g g d d r r         (10) 

deff increases for increasing d = d1+d2 and increasing Λ.  
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Figure 7. (a) Schematic of the embedded SCMG. (b) Cross-section of the support rod (c) the equivalent 
planar structure, n1, n2, n3, n4 are the refractive indices of the hole, the rod, the MF, and the coating, 
respectively[34, 37]. Copyright 2009 Optical Society of America and Copyright 2010 IEEE. 

This method is also extremely flexible and can be used to manufacture chirped MF gratings: 
chirping can be achieved by tuning the hole radius and pitch, or by changing the distance 
between MF and holes. Since 2 ( ) /neff effn d m   , there are three simple ways to realize 

chirp: by tuning Λ, d = d1+d2, and r. Chirp rates are defined as [34, 37]: 
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All the derivatives ∂λ/∂Λ, ∂λ/∂d and ∂λ/∂r depend on ∂nneff/∂deff, which in turn is strongly 
dependent on deff and r. ∂nneff/∂deff is of the order of 10-2 µm-1 and can achieve the maximum 
at deff ~ 1 µm. For m = 2, from Eq. (11) ∂λ/∂Λ >> ∂λ/∂d ~ ∂λ/∂r; since ∂λ/∂Λ > 1, chirped 
grating can be easily realized by tuning the grating period: current PCF fabrication 
techniques make the low-cost period-tuning possible. Moreover, ∂λ/∂d ~ ∂λ/∂ r~ 10-5: which 
is enough to produce small precise chirps in a simpler and cheaper way than inducing a 
temperature, strain or refractive-index gradients [34, 37].  

 
Figure 8. Top: Illustration of the outer layer structure of the support rod in Streifer’s theory. n1 and n2 
represent the refractive indices of the hole and rod, Λ the distance between two adjacent holes, g1 and g2 
the boundaries between different layers and g0 represents the new equivalent boundary between n2 and 
n1. Bottom: cross-section of the MF in the equivalent outer straight layer structure; n3 and n4 are the 
indices of the MF and coating; r is the radius of the MF and deff is the effective wall thickness[34, 37]. 
Copyright 2010 Optical Society of America and Copyright 2009 IEEE. 

These methods to induce chirp mainly depend on the geometry of the support rod; in fact 
hole pattern has a periodicity related to the MF turn around the support rod, the 
circumference of which limits the chirp length. An alternative method to achieve chirped 
gratings relies on tilting the MF with respect to the support rod longitudinal axis: if the MF 
cross the rod at an angle φ the Bragg condition is expressed by [42] 2 / cos /effn m   ; by 
changing φ gradually, the Bragg wavelength changes gradually, it is possible to control the 
grating Bragg wavelength and get a chirped grating. When φ is very small, the chirp rate is 
given by [34, 37] 
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The chirp range varies considerably: from 0.3 nm/o at φ = 0.1o to 300 nm/o at φ = 10o.  These 
two chirping methods allow for a great deal of flexibility in the chirp design[34, 37]. 

The use of microstructured support rods to make gratings provides an extreme flexibility 
because it is easier to be dealt with than the microfiber itself. By controlling the air holes 
geometry, it is possible to get several-layer corrugations or phase shifted gratings. If the rod 
is coated with an active layer or the holes are filled with an active medium, it generates a 
laser. If holes are used as microfluidic channels, the support rod can work as a sensor. 
Moreover, since only a very short piece of rod is needed for each device, the average device 
cost is very low. The device can be coated with stable polymer such as Teflon and UV375 
and keep it very strong [34, 37]. 

A similar method relies on laying the MF on a substrate with pre-treated microstructures 
[see Fig. 9]. The fraction of power propagating in the evanescent field interacts with the 
periodically distributed patterns in the rod or the substrate, and light transmission can then 
be modulated. Both methods avoid post-processing the thin MFs and have great flexibility. 
However, the MFs have to be coated with low index polymer [43] which means that they are 
not suitable for high temperature sensing. 

 
Figure 9. Proposed SCMG by laying the MF on a substrate with pre-treated microstructures[44]. 

Finally, Ding et al.[35] combined metal lift-off technology with lithography to produce 
metallic surface gratings, which provided a high and constant sensitivity to the ambient 
medium RI, while Phan Huy et al. [36] demonstrated an improvement in the sensitivity of RI 
by making use of the suspended core of a microstructured fiber. 

4. Sensing applications 

SCMGs can have a number of possible sensing applications as conventional FBGs. Up to 
date, SCMGs have been used to measure refractive index, temperature and strain/force. 
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With the extreme small size and flexible geometry, SCMGs offer great prospects for 
developing novel sensors with a very small perturbation on the object being measured. 

4.1. Refractive index sensing 

Much of the SCMG applications relate to RI sensing because of the very large MF evanescent 
field. For a typical SCMG sensor immersed in ambient liquid with RI in the range 1.32 – 1.46, 
Sa varies from 10 nm/RIU (refractive index unit) to 103 nm/RIU, according to the MF radius 
and the ambient liquid sensed, whatever for a FIB-milled or rod-wrapped SCMG. Usually, a 
smaller radius and a larger ambient medium RI result in a higher sensitivity regardless of 
the fabrication method. For example, Liang et al. got a sensitivity of 16 nm/RIU at a RI 
around 1.35 with a MF 6 µm in diameter [27] while 660 nm/RIU was reached by Liu et al. at 
a RI of 1.39 by using a 1.8 µm-diameter MF [14]. Both of them agree well with what is 
predicted from Eq. (5). 

In addition to all these nonmetallic SCMGs, metallic gratings have also been proposed for RI 
sensing. The existence of metal causes light to be coupled to modes of different properties 
[10, 35].  Figure 10(a) shows the reflection spectra of the metal-dielectric-hybrid SCMG  [Fig. 
5(d)] immersed in air, acetone, and isopropanol, respectively. The extinction ratio is about ~ 
10 dB. The small degree of chirp has been ascribed to the non-uniformity of the taper. The 
taper diameter difference at the grating extremities is less than 1 µm as illustrated in Fig. 
5(d). According to simulations, different effective refractive indices resulting from the 
variation of the diameter induce resonant wavelength shifts of ~ 4 nm. Some small ripples in 
Fig. 10(a) can probably be due to a degree of chirping [10].  

The grating spectrum presents several valleys and peaks with different characteristics in a 
100 nm wide spectral range [10]. The peaks shift when the outer environment changes from 
acetone to isopropanol. However, these valleys and peaks show larger shifts at longer 
wavelengths, while those at shorter wavelengths shift much less and almost stop at specific 
wavelengths, meaning that the reflected light can be coupled to different modes. In the 
micrometer-diameter metal-dielectric-hybrid fiber tip, several modes are probably excited 
with close propagation constant because of the metal cladding [45]. Some modes are well 
confined in the tip and have negligible field overlap with the liquid while other modes are 
not. The different valleys and peaks correspond to the coupling between these different 
forward and backward propagating modes, with different response properties to any outer 
environment change [10].  

The metal-dielectric-hybrid grating showed RI sensitive (a in Fig. 10(a)) and insensitive (d in 
Fig. 10(a)) behavior for different resonant modes [10]. Sa of the sensitive channel (125 
nm/RIU) is one order of magnitude larger than that of a nonmetallic SCMG with the same 
radius whereas Sa of the insensitive channel (8 nm/RIU) is one order of magnitude smaller. 
This can be attributed to the fact that the introduction of metal film causes the MF to support 
both surface guided modes (which have a larger modal overlap with the ambient medium, a 
and b in Fig. 10) and bound modes (where most of the energy is located in the dielectric core, 
c and d in Fig. 10). The smallest sensitivity can be further decreased to nearly zero by  
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Figure 10. Top: measured reflection spectra of the metal-dielectric-hybrid grating when immersed in 
air, acetone, and isopropanol. a, b, c, d denote different peaks and valleys labelled. Centre: Dependence 
of wavelength shift on ambient RI for different modes in a metal-dielectric-hybrid SCMG. Bottom: 
Calculated effective index of one cladding mode and one core mode as a function of the outer liquid 
refractive index na. The radius of the fiber tip is assumed to be 3 µm with a golden coating 20 nm thick 
[10]. Copyright 2011 IEEE. 
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With the extreme small size and flexible geometry, SCMGs offer great prospects for 
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10 dB. The small degree of chirp has been ascribed to the non-uniformity of the taper. The 
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Fig. 10(a) can probably be due to a degree of chirping [10].  
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wavelengths, meaning that the reflected light can be coupled to different modes. In the 
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with close propagation constant because of the metal cladding [45]. Some modes are well 
confined in the tip and have negligible field overlap with the liquid while other modes are 
not. The different valleys and peaks correspond to the coupling between these different 
forward and backward propagating modes, with different response properties to any outer 
environment change [10].  
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nm/RIU) is one order of magnitude larger than that of a nonmetallic SCMG with the same 
radius whereas Sa of the insensitive channel (8 nm/RIU) is one order of magnitude smaller. 
This can be attributed to the fact that the introduction of metal film causes the MF to support 
both surface guided modes (which have a larger modal overlap with the ambient medium, a 
and b in Fig. 10) and bound modes (where most of the energy is located in the dielectric core, 
c and d in Fig. 10). The smallest sensitivity can be further decreased to nearly zero by  

 
Surface-Corrugated Microfiber Bragg Grating 39 

 
Figure 10. Top: measured reflection spectra of the metal-dielectric-hybrid grating when immersed in 
air, acetone, and isopropanol. a, b, c, d denote different peaks and valleys labelled. Centre: Dependence 
of wavelength shift on ambient RI for different modes in a metal-dielectric-hybrid SCMG. Bottom: 
Calculated effective index of one cladding mode and one core mode as a function of the outer liquid 
refractive index na. The radius of the fiber tip is assumed to be 3 µm with a golden coating 20 nm thick 
[10]. Copyright 2011 IEEE. 

1540 1560 1580 1600

-50

-45

-40

-35

Wavelength (nm)

R
ef

le
ct

io
n 

(d
B

)

 

 

Acetone
Isopropanol
Air

b

ac

d

1.36 1.365 1.37
0

0.5

1

1.5

2

Ambient RI

W
av

el
en

gt
h 

sh
ift

 (n
m

)

d

c

b

a

1.35 1.355 1.36 1.365 1.37

1.43

1.44

1.45

1.46

1.47

Ambient RI

n ef
f

 

 

1-order mode
2-order mode
3-order mode



 
Current Trends in Short- and Long-Period Fiber Gratings 40 

optimizing the tip grating profile and metal coating. Because of many different properties 
on the outer liquid refractive index, the metal-dielectric-hybrid grating can be applied as a 
multi-parameter sensor and the index-insensitive channel can be used to simultaneously 
measure temperature, pressure, and so on [10]. 

4.2. Temperature sensing 

Although thermal post-processing and hydrogen loading have been shown to induce 
grating capable of standing temperatures as high as 1300 °C in conventional fibers [46], in 
MF thermometers, up to now, only SCMGs without polymer have been reported operating 
above 200 °C[9, 13]. The sensitivity of these components is around 20pm/°C, similar to the 
value predictable using Eq. (6). Figure 11 is the experimental characterization of the FIB 
milled SCMG demonstrated using the sample shown in Fig. 5(a). As the temperature 
increases, the Bragg wavelength red shifts. The extremely short SCMG length (~ 36.6µm) 
and wide operating range (~ 20 – 450°C) presents it as a promising candidate for detecting 
temperature change in ultra-small space. 

 
Figure 11. Reflection spectra of the FIB-milled SCMG in air at four different temperatures. 

4.3. Strain/Force sensing 

Although SS remains almost the same for different MF diameters[26], SF varies with the MF 
radius according to Eq. (9). A SCMG with diameter of 3.5 µm reaches a force sensitivity of ~ 
1900 nm/N, which is more than three orders of magnitude compared to that of a 
conventional fibers [26]. If the Bragg wavelength can be detected to an accuracy of 0.05 nm, 
forces in the order of 10-5 N can be measured. For the sample reported in Fig. 5(d), where the 
silica constitute only a small fraction of the SCMG cross section, a further three orders of 
magnitude improvement in sensitivity is predicted, with SF reaching values in excess of 106 

nm/N, corresponding to forces of the order of nN. The SCMG strain/force sensors could 
offer attractive properties monitoring strain/force changes in power plant pipelines, airplane 
wings, and other civil engineering structures [19]. 
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5. Conclusions  

This review presented the fabrication, operating principles and applications of surface 
corrugated microfiber Bragg gratings (SCMGs). SCMGs can potentially outperform 
conventional FBGs because of their large evanescent field and compactness. Taking 
advantage of their extreme small size and unique geometry, SCMGs exhibit beneficial 
sensor properties such as fast response, high resolution and small-objection detections. 
SCMGs could find promising sensing applications in detecting parameter variations in 
ultra-small space [19]. 
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sensitivity as well as low insertion loss and return loss, LPFGs are becoming more and more 
popular as simple and versatile optical components for mode converters [2], gain flattening 
filters [3], and fiber-optic sensors [4]. Many methods have been demonstrated for the 
fabrication of LPFGs. An ultra-violet (UV) writing method, which causes the index change 
of a photosensitive Ge-doped silica fiber core by UV light radiation, was successfully 
applied to the writing of LPFGs [5]. The amount of index change depends on the intensity 
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the core, only axially symmetric cladding modes are coupled in a UV-written LPFG. Many 
non-UV methods have also been demonstrated for the fabrication of LPFGs, such as the 
electric-discharge writing method [6], divided coil heaters method [7], microbending 
method [8-9], and mechanically induced method [10-11-12]. However, all of these methods 
involve expensive fabrication equipments or additional fixed devices, thereby increasing the 
installation costs. Thus, the inexpensive manufacture of small LPFGs has been major barrier 
for the realization of practical optical communication systems. Recently, winding wires has 
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[13,14], since the coupling wavelength of the grating is defined by the period of the v-grooved 
tube, this requires very difficult and delicate fabrication operations. Thus, a new simple and 
flexible fabrication process was presented for the fabrication of low-cost LPFGs that does not 
require any formation of periodic grooves [15]. The wire-winding long-period fiber grating 
(WW-LPFG) presented in [15] is based on the periodic winding of a wire around an optical 
fiber attached to a cylindrical metal rod without any grooves. The periodic pressure from the 
winding wire on an optical fiber creates a periodic change in the refractive index of the optical 
fiber core, and makes mechanically-induced LPFGs on the optical fiber.  A fabricated WW-
LPFG with high tension of the winding wire on the optical fiber induces a high index variation 
on the fiber core. Thus, the coupling coefficient of the WW-LPFG was calculated according to 
the refractive index variation of the fiber core. The new approach is presented for the easy 
fabrication of wire-winding long-period gratings (WW-LPFGs) based on the periodic winding 
a wire around an optical fiber attached to a cylindrical rod. The periodic pressure of the wire 
induces change of the refractive index of the optical fiber core; thus, resonance wavelengths of 
the grating can be easily controlled according to the winding-wire pitch controlled by a 
microprocessor. At the winding-wire pitch of 500 m, the spectra show resonance-wavelength 
dips corresponding to the LP02, LP03, LP04, and LP05 cladding modes; the resonance 
wavelengths go to longer wavelengths at the increased the winding pitch of 510 m. These are 
in good agreement with theoretical values. The polarization dependence of a resonance 
wavelength shift of 9 nm and transmission power difference of 2.5 dB was shown at the 520 
m grating pitch. When the diameter of the cylindrical metal rod was smaller, or higher 
tension from the winding pressure was applied, stronger mode coupling resulted in deeper 
dips in the transmission spectra according to the induced higher index variation. 

2. Properties of long-period fiber grating 

2.1. Effective index 

The electric field in a cylindrical coordinate system has three independent vector 
components as a function of r, , and z: 

        ˆˆ ˆ, , , , , , , , .r zE r z rE r z E r z zE r z        (1) 

Unlike the Er and E component, the Ez component does not couple to the other components 
of Er and E; therefore, the scalar wave equation for Ez can exist independently and easily be 
solved. Thus, the other fields, Er and E, are derived easily through the calculated Ez 
component. The wave equation for the z component of the field vectors is given as follows 
in the homogeneous region: 

  2 2 0,
z

z

E
k

H

 
    
  

 (2) 

where k2=2 and 2 is the Laplacian operator  in the cylindrical coordinate given by 
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Every component of the fields, including Ez, is assumed to have the angular frequency  
and the wavenumber of  to the longitudinal direction z-axis, and Eqn. (2) can be written as 
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where n(r,) is the refractive index of an optical fiber at the transverse axis. Here, Ez and Hz 
can be expressed with the form of the Bessel differential function of order l, l =0,1,2,3,..., so Ez 
and Hz are single-valued function of : 
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At Maxwell’s curl equations, Eqn. (6), the transverse electromagnetic fields are related to Ez 
and Hz: 
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Substituing Eqn. (5) to Eqn. (6), all the transverse components are obtained as follows: 

At the core region (r<a):  
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At the cladding region (r>a): 
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[13,14], since the coupling wavelength of the grating is defined by the period of the v-grooved 
tube, this requires very difficult and delicate fabrication operations. Thus, a new simple and 
flexible fabrication process was presented for the fabrication of low-cost LPFGs that does not 
require any formation of periodic grooves [15]. The wire-winding long-period fiber grating 
(WW-LPFG) presented in [15] is based on the periodic winding of a wire around an optical 
fiber attached to a cylindrical metal rod without any grooves. The periodic pressure from the 
winding wire on an optical fiber creates a periodic change in the refractive index of the optical 
fiber core, and makes mechanically-induced LPFGs on the optical fiber.  A fabricated WW-
LPFG with high tension of the winding wire on the optical fiber induces a high index variation 
on the fiber core. Thus, the coupling coefficient of the WW-LPFG was calculated according to 
the refractive index variation of the fiber core. The new approach is presented for the easy 
fabrication of wire-winding long-period gratings (WW-LPFGs) based on the periodic winding 
a wire around an optical fiber attached to a cylindrical rod. The periodic pressure of the wire 
induces change of the refractive index of the optical fiber core; thus, resonance wavelengths of 
the grating can be easily controlled according to the winding-wire pitch controlled by a 
microprocessor. At the winding-wire pitch of 500 m, the spectra show resonance-wavelength 
dips corresponding to the LP02, LP03, LP04, and LP05 cladding modes; the resonance 
wavelengths go to longer wavelengths at the increased the winding pitch of 510 m. These are 
in good agreement with theoretical values. The polarization dependence of a resonance 
wavelength shift of 9 nm and transmission power difference of 2.5 dB was shown at the 520 
m grating pitch. When the diameter of the cylindrical metal rod was smaller, or higher 
tension from the winding pressure was applied, stronger mode coupling resulted in deeper 
dips in the transmission spectra according to the induced higher index variation. 

2. Properties of long-period fiber grating 

2.1. Effective index 

The electric field in a cylindrical coordinate system has three independent vector 
components as a function of r, , and z: 
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Unlike the Er and E component, the Ez component does not couple to the other components 
of Er and E; therefore, the scalar wave equation for Ez can exist independently and easily be 
solved. Thus, the other fields, Er and E, are derived easily through the calculated Ez 
component. The wave equation for the z component of the field vectors is given as follows 
in the homogeneous region: 
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where k2=2 and 2 is the Laplacian operator  in the cylindrical coordinate given by 
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At the cladding region (r>a): 
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where  co=0nco2, cl=0ncl2 , and  
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The boundary condition that Ez and Hz should be continuous at r=a leads to  
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The boundary condition that E should be continuous at r=a leads to  
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The boundary condition that H should be continuous at r=a leads to  
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Equation (11) and (12) yield the following equation determining the effective index and 
propagation constant:  
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If weakly guiding condition, nconcl, Eqn. (13) is simplified to 
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By using the Bessel function identity, 

Fabrication and Mode Coupling of Long-Period Fiber  
Grating by Winding a Wire Around an Optical Fiber Fixed to a Cylindrical Metal Rod 49 

 
 
 

 
 

 
 

 
 

' '
1 1

2 2
,

,l l l l

l l l l

J a J a K a K al l
J a J a K a K a
   

        
       (15) 

we can get 

 
 
         

1 1
2 2 2 2

.

1 1l l

ll

J a Kl l l
aKaJ a ka a a a


    

     
         
     
     

     (16) 

From Eqn. (16) two different equations corresponding to the two values of +l,-l are obtained 
and the eigenvalues resulting from these two equations yield the two classes of solutions 
designated as the EH modes and HE modes. The characteristic equations of the EH and HE 
modes correspond to the upper sign and the lower sign, respectively. 

For EH mode: 
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For HE mode:  
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Some characteristic equations among the TE, TM, EH, and HE modes are the same under the 
weakly guiding approximation, and the degenerate modes are classified as approximated 
linear polized (LPlm) modes:  
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Figure 1 shows a graphical determination of the effective index of LP01 core mode and Fig. 2 
shows the mode intensity of LP01 core mode. The cladding modes can be obtained by 
applying the boundary continuity conditions at the core-cladding boundary and the 
cladding-air boundary. Erdogan [16] proposed an accurate description of the mode 
propagation in the cladding, in which the cladding modes are not approximated as being 
linearly polarized. Applying the core-cladding boundary condition, the characteristic 
equation for a cladding mode was given by 
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where  co=0nco2, cl=0ncl2 , and  
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The boundary condition that Ez and Hz should be continuous at r=a leads to  
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The boundary condition that E should be continuous at r=a leads to  
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The boundary condition that H should be continuous at r=a leads to  
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Equation (11) and (12) yield the following equation determining the effective index and 
propagation constant:  
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If weakly guiding condition, nconcl, Eqn. (13) is simplified to 
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By using the Bessel function identity, 
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From Eqn. (16) two different equations corresponding to the two values of +l,-l are obtained 
and the eigenvalues resulting from these two equations yield the two classes of solutions 
designated as the EH modes and HE modes. The characteristic equations of the EH and HE 
modes correspond to the upper sign and the lower sign, respectively. 

For EH mode: 
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For HE mode:  
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Some characteristic equations among the TE, TM, EH, and HE modes are the same under the 
weakly guiding approximation, and the degenerate modes are classified as approximated 
linear polized (LPlm) modes:  
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Figure 1 shows a graphical determination of the effective index of LP01 core mode and Fig. 2 
shows the mode intensity of LP01 core mode. The cladding modes can be obtained by 
applying the boundary continuity conditions at the core-cladding boundary and the 
cladding-air boundary. Erdogan [16] proposed an accurate description of the mode 
propagation in the cladding, in which the cladding modes are not approximated as being 
linearly polarized. Applying the core-cladding boundary condition, the characteristic 
equation for a cladding mode was given by 
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Figure 1. Graphical determination of the effective index of core mode. 

Figure 3 shows the graphical determination of the effective indice of cladding modes 
according to Eqn. (20), which are determined by the crossing points of the left-hand side 
equation and the right-hand side equation. 
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Figure 2. Mode intensity distribution of LP01 core mode 
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2.2. Coupling coefficient 

The transverse electric fields are described by a linear superposition of forward-propagating 
and backward-propagating guided modes of the unperturbed optical fiber:  

   ,, , ( ) ( ) ( , )j z j z
tE x y z A z e A z e e x y       (23) 

where A+(z) and A-(z) are slowly varying amplitudes traveling in the +z and –z directions, 
respectively;  is the propagation constant; and et(x,y) is the transverse mode field. The 
mode coupling of the electric field occurs at the gratings of the optical fiber core, which acts 
as a perturbation in the refractive index. Thus, the coupled mode equation can be written as 
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where K(z), the general transverse coupling coefficient between modes, is given  
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where  is the permittivity variation of a fiber core and  is the fringe visibility associated 
with the index change. When two new coefficients are defined, 
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where  is a dc coupling coefficient and  is an ac coupling coefficient. By substituting Eqn. 
(25),(26) to Eqn. (24), the electric fields in the grating can be simplified to the superposition 
of forward-propagating and backward-propagating fundamental modes in the optical fiber 
core: 
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where R(z)=A+(z)exp[i(z-/2)] and S(z)=A-(z)exp[-i(z+/2)]. The general dc self-coupling 
coefficient can be represented by 
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where  is the detuning factor, the  and d/dz are the grating phase and possible chirp of 
the grating period, respectively. The solution of the complex reflection and transmission 
coefficient can be  
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where  is described by 
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The amplitude reflection coefficients can then be shown to be  
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2.3. Resonance wavelength 

With the knowledge of the core and cladding effective indices, it is possible to determine 
LPFG resonance wavelengths for a specific grating period. This can be achieved by the 
phase matching condition in [16]. The transmission spectrum has dips at the wavelengths 
corresponding to resonances with various cladding modes. The resonance wavelength 
satisfying the phase-matching condition is given by [17]  
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where  is the period of the grating, and neff,co01and neff,cl0m are the effective indices of the LP01 
core mode and LP0m cladding modes at the resonance wavelength, respectively. Based on 
the phase-matched condition, the relationship between the period of the grating period () 
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2.2. Coupling coefficient 

The transverse electric fields are described by a linear superposition of forward-propagating 
and backward-propagating guided modes of the unperturbed optical fiber:  
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where A+(z) and A-(z) are slowly varying amplitudes traveling in the +z and –z directions, 
respectively;  is the propagation constant; and et(x,y) is the transverse mode field. The 
mode coupling of the electric field occurs at the gratings of the optical fiber core, which acts 
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where K(z), the general transverse coupling coefficient between modes, is given  
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where  is the permittivity variation of a fiber core and  is the fringe visibility associated 
with the index change. When two new coefficients are defined, 
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where  is a dc coupling coefficient and  is an ac coupling coefficient. By substituting Eqn. 
(25),(26) to Eqn. (24), the electric fields in the grating can be simplified to the superposition 
of forward-propagating and backward-propagating fundamental modes in the optical fiber 
core: 
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where R(z)=A+(z)exp[i(z-/2)] and S(z)=A-(z)exp[-i(z+/2)]. The general dc self-coupling 
coefficient can be represented by 
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where  is the detuning factor, the  and d/dz are the grating phase and possible chirp of 
the grating period, respectively. The solution of the complex reflection and transmission 
coefficient can be  
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where  is described by 
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The amplitude reflection coefficients can then be shown to be  
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2.3. Resonance wavelength 

With the knowledge of the core and cladding effective indices, it is possible to determine 
LPFG resonance wavelengths for a specific grating period. This can be achieved by the 
phase matching condition in [16]. The transmission spectrum has dips at the wavelengths 
corresponding to resonances with various cladding modes. The resonance wavelength 
satisfying the phase-matching condition is given by [17]  
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where  is the period of the grating, and neff,co01and neff,cl0m are the effective indices of the LP01 
core mode and LP0m cladding modes at the resonance wavelength, respectively. Based on 
the phase-matched condition, the relationship between the period of the grating period () 
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and resonance wavelength (λ0) can be obtained by the calculation of the propagation 
constants of the LP01 core and various cladding modes of a fiber at each specific wavelength. 
Figure 4 shows the resonance wavelength versus grating period characteristic for coupling 
with five orders of cladding modes, and for a specific grating pitch the spectrum yields 
resonance wavelength values for all visible bands. 

 
Figure 4. Resonance wavelength versus grating period. 

Coupling mode theory applied to the three-layer model yields an expression for the core-
cladding mode coupling coefficient by Erdogan [16].  The transmission spectrum modelled 
as =455m, L=20mm, and nco=110-4 is shown in Fig. 5.  

 
Figure 5. Transmission spectrum  
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3. Experiments and results 

A LPFG has coupling characterisitics according to the phase-matching condition between a 
core mode and cladding modes in an optical fiber. A forward-propagating core mode (LP01 
mode) is coupled to forward-propagating cladding modes (LPlm mode) of the fiber. While 
LPFG generally allows coupling of a core mode to all order cladding modes (LPlm mode), 
untilted WW-LPFG couples a core mode to only l=0 order cladding modes (LP0m mode). The 
proposed WW-LPFG behaving as an un-tilted LPFG couples a core mode to LP0m modes.  

Figure 6 shows the structure and photo of the manufactured WW-LPFG. The SMF-28 
standard fiber with a numerical aperture (NA) of 0.14, refractive index difference of 0.36 %, 
core and cladding diameters of 8.2 and 125 m, respectively, was used. The refractive 
indices of core and cladding were 1.4489 and 1.444, respectively, at a 1550 nm wavelength. A 
copper wire with the diameter of 170 m was used as a winding wire. The jacket of a SMF 
was stripped away to allow a copper wire to be wound around the fiber. The SMF was then 
attached to a cylindrical metal rod with a 10 mm diameter.  

Figure 7 shows the apparatus and manufacturing process to fabricate the WW-LPFG. After 
an optical fiber was attached to the cylindrical metal rod, one end of a copper wire was 
glued to the cylindrical metal rod, and the other end of the copper wire was pulled by the 
mass of 900 g weight at the angle () of 60 , convertible to the tension of 8.8 N. When the 
cylindrical metal rod was rotated by a microprocessor, the wire holder controlled by a 
microprocessor is moved to the longitudinal direction of the cylindrical metal rod according 
to the designed pitch, so that the optical fiber was wound by the  wire within the desired 
region. The lateral stress of the wire periodically pressing on the optical fiber changes the 
refractive index of the optical fiber, so the pitch of the winding wire is the key factor to the 
controlling of the resonance wavelength of the WW-LPFG. The experimental setup consisted 
of a broadband light source (Agilent, 83437A), the fabricated WW-LPFG, and an optical 
spectrum analyzer (Ando, AQ6315A). The light from the broadband light source propagated 
in the WW-LPFG, and the power intensity characteristics of the transmitted light were then 
determined when it reached the OSA. 

Figure 8 shows the relationship of resonance wavelength with the grating period for the 
coupling of fundamental core mode to cladding modes. The transmission spectrum has dips 
at the wavelengths corresponding to resonances with various cladding modes. The 
resonance wavelength satisfying the phase-matching condition is given by Eqn. (32). Based 
on the phase-matched condition, the relationship between the period of the grating period 
and the resonance wavelength can be obtained by the calculation of the propagation 
constants of the LP01 core and various cladding modes of a fiber at each specific wavelength. 
Resonance wavelengths where guided-to-cladding mode coupling takes place can be 
theoretically determined by proper selection of a specific grating period. The vertical dashed 
line at the grating period of 500 m meets with the wavelengths of 1280 nm, 1330 nm, 1380 
nm, and 1490 nm of LP02, LP03, LP04, LP05 modes, respectively. The resonance wavelengths of 
LP02, LP03, LP04, LP05 modes correspond to 1280 nm, 1330 nm, 1380 nm, and 1490 nm, 
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and resonance wavelength (λ0) can be obtained by the calculation of the propagation 
constants of the LP01 core and various cladding modes of a fiber at each specific wavelength. 
Figure 4 shows the resonance wavelength versus grating period characteristic for coupling 
with five orders of cladding modes, and for a specific grating pitch the spectrum yields 
resonance wavelength values for all visible bands. 

 
Figure 4. Resonance wavelength versus grating period. 

Coupling mode theory applied to the three-layer model yields an expression for the core-
cladding mode coupling coefficient by Erdogan [16].  The transmission spectrum modelled 
as =455m, L=20mm, and nco=110-4 is shown in Fig. 5.  

 
Figure 5. Transmission spectrum  

Fabrication and Mode Coupling of Long-Period Fiber  
Grating by Winding a Wire Around an Optical Fiber Fixed to a Cylindrical Metal Rod 55 

3. Experiments and results 

A LPFG has coupling characterisitics according to the phase-matching condition between a 
core mode and cladding modes in an optical fiber. A forward-propagating core mode (LP01 
mode) is coupled to forward-propagating cladding modes (LPlm mode) of the fiber. While 
LPFG generally allows coupling of a core mode to all order cladding modes (LPlm mode), 
untilted WW-LPFG couples a core mode to only l=0 order cladding modes (LP0m mode). The 
proposed WW-LPFG behaving as an un-tilted LPFG couples a core mode to LP0m modes.  

Figure 6 shows the structure and photo of the manufactured WW-LPFG. The SMF-28 
standard fiber with a numerical aperture (NA) of 0.14, refractive index difference of 0.36 %, 
core and cladding diameters of 8.2 and 125 m, respectively, was used. The refractive 
indices of core and cladding were 1.4489 and 1.444, respectively, at a 1550 nm wavelength. A 
copper wire with the diameter of 170 m was used as a winding wire. The jacket of a SMF 
was stripped away to allow a copper wire to be wound around the fiber. The SMF was then 
attached to a cylindrical metal rod with a 10 mm diameter.  

Figure 7 shows the apparatus and manufacturing process to fabricate the WW-LPFG. After 
an optical fiber was attached to the cylindrical metal rod, one end of a copper wire was 
glued to the cylindrical metal rod, and the other end of the copper wire was pulled by the 
mass of 900 g weight at the angle () of 60 , convertible to the tension of 8.8 N. When the 
cylindrical metal rod was rotated by a microprocessor, the wire holder controlled by a 
microprocessor is moved to the longitudinal direction of the cylindrical metal rod according 
to the designed pitch, so that the optical fiber was wound by the  wire within the desired 
region. The lateral stress of the wire periodically pressing on the optical fiber changes the 
refractive index of the optical fiber, so the pitch of the winding wire is the key factor to the 
controlling of the resonance wavelength of the WW-LPFG. The experimental setup consisted 
of a broadband light source (Agilent, 83437A), the fabricated WW-LPFG, and an optical 
spectrum analyzer (Ando, AQ6315A). The light from the broadband light source propagated 
in the WW-LPFG, and the power intensity characteristics of the transmitted light were then 
determined when it reached the OSA. 

Figure 8 shows the relationship of resonance wavelength with the grating period for the 
coupling of fundamental core mode to cladding modes. The transmission spectrum has dips 
at the wavelengths corresponding to resonances with various cladding modes. The 
resonance wavelength satisfying the phase-matching condition is given by Eqn. (32). Based 
on the phase-matched condition, the relationship between the period of the grating period 
and the resonance wavelength can be obtained by the calculation of the propagation 
constants of the LP01 core and various cladding modes of a fiber at each specific wavelength. 
Resonance wavelengths where guided-to-cladding mode coupling takes place can be 
theoretically determined by proper selection of a specific grating period. The vertical dashed 
line at the grating period of 500 m meets with the wavelengths of 1280 nm, 1330 nm, 1380 
nm, and 1490 nm of LP02, LP03, LP04, LP05 modes, respectively. The resonance wavelengths of 
LP02, LP03, LP04, LP05 modes correspond to 1280 nm, 1330 nm, 1380 nm, and 1490 nm, 
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respectively. The parameters of the winding pitch, number of turns, and winding length of 
the copper wire are 500 m, 40 turns, and 20 mm, respectively. Figure 9 shows the 
experimental and simulated transmission spectra of the WW-LPFG under the same 
conditions as those in Fig. 8. The simulated transmission spectra calculated by simulation 
software, OptiGrating (Optiwave Systems Inc) were in good agreement with the 
experimental result at the resonance wavelengths and transmission power loss. At 1490 nm, 
the transmission power gain of the resonance wavelength was -7.7 dB and the full width at 
half maximum (FWHM) was 20 nm.  

 

 
 

Figure 6. Structure of the WW-LPFG. 
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Figure 7. Experimental setup and apparatus 
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Figure 8. Resonance wavelength versus grating period. 

 
Figure 9. Transmission spectrum at the grating pitch of 500um 

The spectral dependence of the power transmission of the LP01 mode in the LPFG can be 
determined by [16] 
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where  is the detuning parameter 
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 is the coupling constant for the grating, L is the grating length, and co01and cl0m are the 
propagation constants of the LP01 core mode and LP0m cladding modes, respectively. The 
standard silica optical fiber is a cylindrical and isotropic dielectric waveguide with a 
circularly symmetric refractive index distribution. However, as the applied tension of the 
wire induces deformations of the optical fiber, the refractive indices parallel and 
perpendicular to the direction of the applied tension are differently changed and the 
birefringence is derived from the photo-elastic property of the fiber. The refractive index 
changes at any point of the fiber are [18] 

for x-polarization, 
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for y-polarization, 
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Here, neff,0 is the initial effective refractive index of the core of unperturbed fiber, P11 and P12 are 
the photo-elastic coefficients of the unperturbed optical fiber, and x, y, z are the strain 
components at the fiber in the x, y, and z direction, respectively. Because of the mechanical and 
photo-elastic properties of the optical fiber’s material (P11<P12, x>0, y<0, x< y), the refractive 
index change of the x-polarization is higher than that of the y-polarization. Since the circular 
fiber of the fabricated WW-LPFG is periodically pressed in one direction to form a mechanically 
induced long-period grating, birefringence due to the asymmetric structure occurs.  

As shown in Fig. 10, the spectrum of the fabricated WW-LPFG has polarization dependence 
on x- and y-polarization lights. When an LP01 core mode is coupled to an LP04 cladding 
mode at a 520 m grating pitch, the resonant wavelengths of x- and y-polarization light 
appeared at 1435 and 1426 nm, respectively. By the birefringence effect, the polarization 
dependence makes the change of 9 nm resonance wavelength and 2.5 dB transmitted light 
power. Figure 11 shows the transmission spectra of the LP04 mode of the WW-LPFG with the 
pitch of 500 m and with several masses of 0.6, 0.9, and 1.2 kg weight, convertible to the 
tension of 5.8, 8.8, and 11.7 N, respectively. The higher tension by the winding wire pressure 
induced the higher index variation, which resulted in stronger mode coupling and thus 
generally in deeper dips in the transmission spectra. Meanwhile, the resonant wavelength 
did not shift by the change of the applied tension. 
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Figure 8. Resonance wavelength versus grating period. 

 
Figure 9. Transmission spectrum at the grating pitch of 500um 

The spectral dependence of the power transmission of the LP01 mode in the LPFG can be 
determined by [16] 
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where  is the detuning parameter 
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 is the coupling constant for the grating, L is the grating length, and co01and cl0m are the 
propagation constants of the LP01 core mode and LP0m cladding modes, respectively. The 
standard silica optical fiber is a cylindrical and isotropic dielectric waveguide with a 
circularly symmetric refractive index distribution. However, as the applied tension of the 
wire induces deformations of the optical fiber, the refractive indices parallel and 
perpendicular to the direction of the applied tension are differently changed and the 
birefringence is derived from the photo-elastic property of the fiber. The refractive index 
changes at any point of the fiber are [18] 
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for y-polarization, 
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Here, neff,0 is the initial effective refractive index of the core of unperturbed fiber, P11 and P12 are 
the photo-elastic coefficients of the unperturbed optical fiber, and x, y, z are the strain 
components at the fiber in the x, y, and z direction, respectively. Because of the mechanical and 
photo-elastic properties of the optical fiber’s material (P11<P12, x>0, y<0, x< y), the refractive 
index change of the x-polarization is higher than that of the y-polarization. Since the circular 
fiber of the fabricated WW-LPFG is periodically pressed in one direction to form a mechanically 
induced long-period grating, birefringence due to the asymmetric structure occurs.  

As shown in Fig. 10, the spectrum of the fabricated WW-LPFG has polarization dependence 
on x- and y-polarization lights. When an LP01 core mode is coupled to an LP04 cladding 
mode at a 520 m grating pitch, the resonant wavelengths of x- and y-polarization light 
appeared at 1435 and 1426 nm, respectively. By the birefringence effect, the polarization 
dependence makes the change of 9 nm resonance wavelength and 2.5 dB transmitted light 
power. Figure 11 shows the transmission spectra of the LP04 mode of the WW-LPFG with the 
pitch of 500 m and with several masses of 0.6, 0.9, and 1.2 kg weight, convertible to the 
tension of 5.8, 8.8, and 11.7 N, respectively. The higher tension by the winding wire pressure 
induced the higher index variation, which resulted in stronger mode coupling and thus 
generally in deeper dips in the transmission spectra. Meanwhile, the resonant wavelength 
did not shift by the change of the applied tension. 
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The transmission spectra of the LP04 mode of the WW-LPFG with the diameters of the 
cylindrical metal rod of 7 and 10 mm were shown in Fig. 12 at the fixed pitch of 500 m. 
When the diameter of the cylindrical metal rod is smaller, the pressing region on the fiber 
attached to the cylindrical metal rod is wider, and thus the higher index variation of the 
fiber results in deeper dips in the transmission spectrum. 

 
Figure 10. Polarization dependence of an LP04 mode at a grating pitch of 520um 
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4. Conclusion 

An easily fabricated WW-LPFG is wire-wound periodically around an optical fiber attached 
to a cylindrical rod. The periodic pressure of the wire results in refractive index change of an 
optical fiber core, and the resonance wavelengths of the grating can be easily controlled 
according to the winding-wire pitch controlled by a microprocessor. Due to the simple and 
flexible fabrication process using the winding of a wire, the fabricated WW-LPFG is small, 
and cost-effective, and the resonance wavelength are easily controlled by the pitch of the 
winding-wire using a microprocessor. At the winding-wire pitch of 500 m and 510 m, the 
spectra show resonance-wavelength dips corresponding to the LP02, LP03, LP04, LP05 cladding 
modes. The polarization dependence of a resonance wavelength shift of 9 nm was shown. 
Smaller diameter of the cylindrical metal rod and higher tension of the winding wire led to 
the stronger mode coupling according to induced higher index variation. With smaller 
diameter of the cylindrical metal rod, or higher tension due to the winding pressure, 
stronger mode coupling can result in deeper dips in the transmission spectra according to 
induced higher index variation. 
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1. Introduction 

Optical techniques are considered as powerful tools for the development of chemical and 
biological sensors, covering a wide range of applications including bio-chemical and food 
analysis, and environmental and industrial monitoring [1, 2, 3]. Optical fibre sensors, as a 
result of their advantages such as high sensitivity, compactness, remote measurement and 
multiplexing capabilities, have attracted a great deal of attention for the development of 
refractometers and chemical sensors [4, 5, 6]. Refractometers and chemical sensors based on 
optical fibre gratings, both fibre Bragg gratings (FBGs) and long period gratings (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. 

FBG based approaches have exploited side polished [7] and thinned [8,9] optical fibres to 
expose the evanescent field of the mode propagating in the core of the fibre to the 
surrounding medium, such that the Bragg wavelength becomes sensitive to the surrounding 
refractive index. The response of such sensors is non-linear, with a maximum predicted 
sensitivity of approximately 200 nm/refractive index unit (RIU) for indices close to that of 
the cladding of the optical fibre [8]. Experimental investigation revealed a sensitivity of 70 
nm/RIU with a corresponding resolution of order 10-4 RIU, assuming that the Bragg 
wavelength is measured with a resolution of 1 pm [9].  

The effective refractive indices of the modes of the cladding of the optical fibre are 
inherently sensitive to the surrounding refractive index. Tilted fibre Bragg gratings (TFBGs) 
and LPGs allow the controlled, resonant coupling of light from the core of the optical fibre 
into cladding modes. The characteristics of the resonant coupling are modified by changes 
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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. 

FBG based approaches have exploited side polished [7] and thinned [8,9] optical fibres to 
expose the evanescent field of the mode propagating in the core of the fibre to the 
surrounding medium, such that the Bragg wavelength becomes sensitive to the surrounding 
refractive index. The response of such sensors is non-linear, with a maximum predicted 
sensitivity of approximately 200 nm/refractive index unit (RIU) for indices close to that of 
the cladding of the optical fibre [8]. Experimental investigation revealed a sensitivity of 70 
nm/RIU with a corresponding resolution of order 10-4 RIU, assuming that the Bragg 
wavelength is measured with a resolution of 1 pm [9].  
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in the surrounding refractive index, affording the ability to form refractive index sensors 
without altering the geometry of the optical fibre. 

TFBGs facilitate the coupling of the propagating core mode to backward propagating 
cladding modes. As the coupling wavelength and efficiencies are dependent upon the 
properties of the cladding modes, the resonance features in the TFBG transmission spectrum 
exhibit sensitivity to surrounding refractive index [10,11]. Analysis of the transmission 
spectrum facilitates measurements with resolution of 10-4 RIU [11]. The use of thin film 
coatings of refractive index higher than that of the cladding on both polished FBGs and 
TFBGS has been shown to allow the RI range over which the devices show their highest 
sensitivity to the tuned to lower values [10,12,13]. 

LPGs promote coupling between the propagating core mode and co-propagating cladding 
modes, i.e. work as transmission gratings and are more attractive for practical applications 
as compared to FBGs, owing to lower cost of analytical instruments used to interrogate 
them. The high attenuation of the cladding modes results in the transmission spectrum of 
the fibre containing a series of attenuation bands centred at discrete wavelengths, each 
attenuation band corresponding to the coupling to a different cladding mode, as shown in 
Figure 1 [14]. 

The refractive index sensitivity of LPGs arises from the dependence of the phase matching 
condition upon the effective refractive index of the cladding modes that is governed by 
Equation 1 [14]: 

 ( ) ( )( )x core clad xn n     (1) 

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  is the period of the grating. 

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 
central wavelengths of the attenuation bands thus show a dependence upon the refractive 
index of the medium surrounding the cladding, with the highest sensitivity being shown for 
surrounding refractive indices close to that of the cladding of the optical fibre, provided that 
the cladding has the higher refractive index [15]. For surrounding refractive indices higher 
than that of the cladding, the centre wavelengths of the resonance bands show a 
considerably reduced sensitivity [15].  

The refractive index sensitivity of an LPG is dependent upon the order of the cladding mode 
that is coupled to, allowing the tuning of the sensitivity by appropriate choice of grating 
period, with 427.72, 203.18, 53.45, and 32.10 nm/RIU being reported for LPGs fabricated in 
single mode fibre (SMF) 28 with period 159, 238, 400, and 556 μm, respectively [16]. A 
further consideration is the geometry and composition of the fibre, with the sensitivity being 
shown to differ for step index and W profile fibres and a progressive three layered fibre [17]. 
New fibre geometries, such as photonic crystal fibres [18,19] and photonic band gap fibres [20] 
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have also been investigated for the measurement of the refractive index of a liquid that fills the 
air channels. LPGs in liquid filled solid-core photonic bandgap fibre have been shown to 
exhibit a sensitivity of 17,900 nm/RIU to changes in the RI of the liquid [21], but the 
requirement to fill the fibre with the liquid of interest may limit application as a refractometer.  

 
Figure 1. (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 sm700): 
(i) 80 μm, (ii) 100 μm, and (iii) 400 μm [5]. 

In order to improve the sensitivity of the LPGs written in standard optical fibre 
configurations to surrounding RI, approaches such as tapering the fibre [22] or etching the 
cladding [23,24] have been investigated. Tapering the fibre to a diameter of 25 m allowed 
the demonstration of an LPG with a sensitivity of 715 nm/RIU [22]. Etching the cladding of a 
section of standard single mode fibre containing an LPG from 125 m to approximately 100 
m produced a sensitivity gain of 5 [25], while the etching an arc induced LPG to a diameter of 
37 m allowed the demonstration of a sensitivity of order 20,000 nm/RIU [26]. Approaches that 
require the processing of the fibre, such as polishing, etching and tapering, produce significant 
enhancements in sensitivity, but at the cost of requiring careful packaging to compensate for 
the inevitable reduction in the mechanical integrity of the device.  

The deposition of thin film overlays, of thickness on the order of 200 nm, of materials of 
refractive index higher than that of the cladding has also been investigated for the 
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in the surrounding refractive index, affording the ability to form refractive index sensors 
without altering the geometry of the optical fibre. 
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spectrum facilitates measurements with resolution of 10-4 RIU [11]. The use of thin film 
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as compared to FBGs, owing to lower cost of analytical instruments used to interrogate 
them. The high attenuation of the cladding modes results in the transmission spectrum of 
the fibre containing a series of attenuation bands centred at discrete wavelengths, each 
attenuation band corresponding to the coupling to a different cladding mode, as shown in 
Figure 1 [14]. 

The refractive index sensitivity of LPGs arises from the dependence of the phase matching 
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the cladding has the higher refractive index [15]. For surrounding refractive indices higher 
than that of the cladding, the centre wavelengths of the resonance bands show a 
considerably reduced sensitivity [15].  

The refractive index sensitivity of an LPG is dependent upon the order of the cladding mode 
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enhancement of refractive index sensitivity [25,26]. It has been shown previously 
experimentally and theoretically [27,28] that the effective indices of the cladding modes, and 
thus the central wavelengths of the core-cladding mode coupling bands of LPGs, show a 
high sensitivity to the optical thickness of high refractive index coatings when the coating’s 
optical thickness is such that one of the low order cladding modes is phase matched to a 
mode of the waveguide formed by the coating. This is termed the mode transition region, in 
which the cladding modes are reorganized, with each mode taking on the characteristics 
(effective index and electric field profile) of its adjacent lower order cladding mode [29]. The 
output from a numerical model of the influence of coating thickness on the effective indices 
of the cladding modes of an optical fibre is plotted in Figure 2, showing clearly the mode 
transition region.  

 
Figure 2. Plot of the effective refractive indices of the first 9 cladding modes as a function of the 
thickness of an overlay of refractive index. The model assumed values for the core and cladding 
refractive indices of 1.4496 and 1.446 respectively, a core radius of 3.5 μm, and that the refractive index 
of the overlay material was 1.57. 

Biasing the optical thickness of the coating such that the LPG is operating in the mode 
transition region enhances the sensitivity of the cladding mode effective indices and thus the 
resonance wavelengths to the surrounding refractive index. A theoretical analysis explored 
the optimization of the refractive index sensitivity by selecting grating period, coating 
thickness and refractive index, predicting a sensitivity of 5980 nm/RIU [29]. 

In addition, the combination of optical fibers and nanomaterials provides a prospect for the 
fabrication of chemical sensors with high sensitivity and that offer specific response to 
targeted chemical species [30,31]. Achieving the coating thickness that provides optimized 
sensitivity requires control on the nm scale, which is why many reports have exploited the 
Langmuir Blodgett (LB) and layer-by-layer (LbL) electrostatic self assembly (ESA) coating 
deposition techniques, where a multilayer coating is deposited with each layer having a 
thickness of order 1 nm. Based on this principle, sensors for organic vapors, metal ions, 
humidity, organic solvents and biological materials have been reported [32, 33, 34]. Similarly 

Optical Fibre Long-Period Gratings  
Functionalised with Nano-Assembled Thin Films: Approaches to Chemical Sensing 67 

to surface plasmon resonance (SPR) devices, LPG sensors can provide highly precise 
analytical information about adsorption and desorption processes associated with the RI 
and thickness of the sensing layer. For instance, the sensitivity of LPG sensors is in the same 
order of magnitude as SPR sensors, showing a sensitivity of ca. 1 nM for antigen–antibody 
reactions. An advantage of the LPG over SPR lies in the ability to fabricate a cheap and 
portable device that can be applied in various analytical situations.  

The influence of the period of the LPG on the sensitivity of the mode coupling to 
perturbations such as changes in surrounding RI can be understood with reference to the 
phase matching condition, equation (1). Using the weakly guided approximation it is 
possible to determine the effective indices of the modes of the core and cladding, and, using 
equation 1, to generate a family of phase matching curves that describe the variation of the 
resonant wavelength with period of the LPG, an example is shown in Figure 3. It can be seen 
that the phase matching condition for each cladding mode contains a turning point. The 
resonance features in the LPG spectrum exhibit their highest sensitivity to external 
perturbations near the phase matching turning point. The response of  the transmission 
spectrum of an LPG operating near the phase matching turning point  external perturbation, 
in this case changes to the optical thickness of a coating deposited onto the optical fibre,  are 
illustrated in Figure 4. In Figure 4a, the grating period is such that phase matching to the 
LP020 cladding mode is satisfied, but it is not possible to couple to the LP021 cladding mode, 
with a resulting LPG transmission spectrum of the form shown in Figure 4b. Changes in the 
optical thickness (product of the geometrical thickness and refractive index) of the coating 
cause an increase in the effective refractive index of the cladding modes, and the phase 
matching curves change accordingly, as illustrated in Figure 4c, resulting in the 
development of a resonance band corresponding to coupling to the LP021 cladding mode, 
and a small blue shift in the central wavelength of the LP020 resonance band, Figure 4d. 
Further increases in the optical thickness of the coating result in the further development of 
the LP021 resonance band, which subsequently splits into two bands, the so called dual 
resonance, Figures 4f and 4h. The small gradient of the phase matching curve at the phase 
matching turning point results in the LP021 resonance band exhibiting much higher 
sensitivity than the LP020 resonance band for this grating period. Thus the sensitivity of 
coated LPG sensors can be optimised by appropriate choice of the optical thickness of the 
coating and period of the grating to ensure that the LPG operates at both the mode 
transition region and the phase matching turning point. 

Recently, LPG fibre sensors with porous coatings have attracted a lot of interest. For 
instance, a sol-gel film of SnO2 of thickness of order 200 nm was deposited onto to an LPG, 
facilitating the demonstration of an ethanol gas sensor. The porosity and high RI of the 
coating material resulted in the LPG spectrum exhibiting a response to the diffusion of 
ethanol gas into the coating and the authors predicted that an optimized sensor would 
exhibit a detection limit of 100 ppb. Sol-gel coatings of SiO2 and TiO2 have been deposited 
onto LPGs, revealing a gain of 2 in the sensitivity to external RI, with the higher index TiO2 
coating offering the larger response (up to 1067.15 nm/RIU). The authors noted that the 
higher the index and thickness of the coating the more pronounced was the enhancement in 
LPG sensitivity compared to the equivalent uncoated LPG [16]. 
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enhancement of refractive index sensitivity [25,26]. It has been shown previously 
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output from a numerical model of the influence of coating thickness on the effective indices 
of the cladding modes of an optical fibre is plotted in Figure 2, showing clearly the mode 
transition region.  

 
Figure 2. Plot of the effective refractive indices of the first 9 cladding modes as a function of the 
thickness of an overlay of refractive index. The model assumed values for the core and cladding 
refractive indices of 1.4496 and 1.446 respectively, a core radius of 3.5 μm, and that the refractive index 
of the overlay material was 1.57. 
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with a resulting LPG transmission spectrum of the form shown in Figure 4b. Changes in the 
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matching curves change accordingly, as illustrated in Figure 4c, resulting in the 
development of a resonance band corresponding to coupling to the LP021 cladding mode, 
and a small blue shift in the central wavelength of the LP020 resonance band, Figure 4d. 
Further increases in the optical thickness of the coating result in the further development of 
the LP021 resonance band, which subsequently splits into two bands, the so called dual 
resonance, Figures 4f and 4h. The small gradient of the phase matching curve at the phase 
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coated LPG sensors can be optimised by appropriate choice of the optical thickness of the 
coating and period of the grating to ensure that the LPG operates at both the mode 
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Figure 3. Phase matching curves for higher order cladding modes of an optical fibre of cut off 
wavelength 670 nm. The numbers refer to the order of the cladding mode. 

Recently we have demonstrated a fibre optic refractive index sensor based on a long period 
grating (LPG) with a nano-assembled mesoporous coating of alternate layers of 
poly(allylamine hydrochloride) (PAH) and SiO2 nanospheres [5, 6]. PAH/SiO2 coatings of 
different thicknesses were deposited onto an  LPG operating near its phase matching turning 
point in order to study the effect of the film thickness and porosity on sensor performance. The 
device showed a high sensitivity (1927 nm/RIU) to RI changes with a response time less than 2 
sec over a wide RI range (1.3330–1.4906). The low refractive index of the mesoporous film, 
1.20@633 nm, facilitates the measurement of external indices higher than that of the cladding, 
extending the range of operation of LPG based RI sensors. The ability of this device to monitor, 
in real time, RI changes during a dilution process was also demonstrated. 

In this chapter we introduce a new approach to LPG based chemical sensing. A novel 2 
stage approach to the development of the sensor is explored. The first stage involves the 
deposition of the mesoporous coating onto the LPG operating near the phase matching 
turning point. In the second stage a functional material, chosen to be sensitive to the analyte 
of interest, is infused into the base mesoporous coating. The  mesoporous coating consists of 
a multilayer film of SiO2 nanoparticles (SiO2 NPs) deposited using the LbL technique. The 
initially low RI of the mesoporous coating, 1.2@633 nm, is increased significantly by the 
chemical infusion, resulting in a large change in the LPG’s transmission spectrum. The 
sensing of ammonia in aqueous solution was chosen to demonstrate the sensing principle. 
The operation of the sensor was characterised using two functional materials, tetrakis-(4-
sulfophenyl)porphine (TSPP) and polyacrylic acid (PAA). TSPP is a porphine compound 
that changes its optical properties (absorbance and RI) in response to exposure to ammonia, 
while PAA has been employed as a functional compound ammonia binding [35]. In the case 
of the PAA it is assumed that direct biding of ammonia to the COOH moiety will change RI 
of the mesoporous coating, while in the case of TSPP its desorption will result on RI change. 
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Figure 4. Optical features of the LP020 and LP021 cladding modes near the phase matching turning point. 
An increase in the effective index of the cladding modes, caused for example by an increase in the 
surrounding refractive index, or in the optical thickness of a coating deposited onto the fibre, cause the 
phase matching curves to move as shown, producing large changes in the coupling characteristics and 
transmission spectrum.  
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An increase in the effective index of the cladding modes, caused for example by an increase in the 
surrounding refractive index, or in the optical thickness of a coating deposited onto the fibre, cause the 
phase matching curves to move as shown, producing large changes in the coupling characteristics and 
transmission spectrum.  
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2. Sensor fabrication 

Tetrakis-(4-sulfophenyl)porphine (TSPP, Mw = 934.99) was purchased from Tokyo Kasei, 
Japan. Poly(diallyldimethylammonium chloride) (PDDA, Mr = 200,000–350,000, 20% (w/w) 
in H2O; monomer Mw = 161.5 g mol−1), PAA25 (Mw: 250,000, 35 wt% in H2O) and ammonia 
30 wt% aqueous solution were purchased from Aldrich. A colloidal solution of silica 
nanoparticles (SiO2 NPs), SNOWTEX 20L (40–50 nm), was purchased from Nissan 
Chemical. All chemicals were reagents of analytical grade, and used without further 
purification. Deionized pure water (18.3 MΩ·cm) was obtained by reverse osmosis followed 
by ion exchange and filtration in a Millipore-Q (Millipore, Direct-QTM). 

A detailed description and reference to the optical properties of LPGs can be found 
elsewhere [5, 6, 36]. In this work, an LPG of length 30 mm with a period of 100 m was 
fabricated in a 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.  

SiO2 NPs were deposited onto the surface of the fibre using the LbL process, as illustrated in 
Figure 5a. As the LPG transmission 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 5b, such that the section of the 
fibre containing the LPG was taut and straight throughout the experiments [36]. The 
detailed procedure of the deposition of the SiO2 NPs onto the LPG and infusion of the TSPP 
compound has been previously reported [5]. 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 or 
PAA 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. On the other hand, PAA is usually considered as a 
promising sensor element for ammonia sensing, owing to the presence of free carboxylic 
function groups that lead to high affinity towards amine compounds [37]. After immersion 
into the TSPP and PAA solutions, 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 [38]. All 
experiments have been conducted at 25oC and 50% of rH.  
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Figure 5. (a) Schematic illustration of the electrostatic self-assembly deposition process and (b) 
deposition cell with a fixed LPG fibre. 

3. Mesoporous coating of long period gratings 

Figures 6a and 6b show the surface morphology and cross-section of the 10-cycle 
(PDDA/SiO2) layer, referred to as (PDDA/SiO2)10, on a quartz substrate, respectively. As can 
be seen, the (PDDA/SiO2)10 film has a uniform surface consisting of SiO2 NPs with an 
average diameter of 45 nm (Figure 6a). The film thicknesses obtained after 1 and 10 cycles of 
the (PDDA/SiO2) deposition process, determined from SEM cross-section measurements, are 
approximately 50±2 nm and 450±20 nm, respectively (Figures 6b and 6c). The pore size 
distribution of the (PDDA/SiO2) film indicates a well-developed mesoporous structure with 
a mean pore radius of 12.5 nm and specific surface area of 50 m2 g−1 [5].  

The transmission spectrum of the 100 m period LPG undergoes changes due to the 
alternate deposition of SiO2 NPs, as shown in Figure 7, which influences the effective RI of 
the cladding mode, as described previously [5]. When the LPG was in the silica colloidal 
solution, the resonance feature (at ca. 640 nm) corresponding to coupling to the LP020 
cladding mode exhibited a small blue wavelength shift of 8.5 nm. As the optical thickness of 
the coating increased, it became possible to couple energy to the LP021 mode, with the 
corresponding development of the resonance band at ca. 800 nm [5], at the phase matching 
turning point for that mode. However, because of the low RI (1.20) [39] of the porous silica 
coating, this resonance feature is not well developed in water and is not present in air for 
this coating thickness. 

When an uncoated LPG fibre with a period of 100 m is immersed into water (RI=1.323), a 
blue shift of the LP020 resonance band of 3 nm is observed. However, the sensitivity of the 
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LP020 resonance band is much improved by  coating the LPG with a (PDDA/SiO2)10 film, 
showing a blue shift of 7 nm when the LPG was immersed in water, along with the 
appearance of the well pronounced second resonance band, LP021 (Figure 8a). This is 
attributed to the increase in sensitivity of the LPG to the surrounding RI [16], being of 
interest when measuring the RI of low concentration aqueous solutions. The response to the 
RI changes is fast (< 2 s) and stable, as indicated by the measurement of the transmitted 
power at the centre of the LP021 resonance (Figure 8b). 

 
Figure 6. SEM images of the (a) surface morphology and (b) cross-section of the (PDDA/SiO2)10 film 
deposited on a quartz substrate before TSPP infusion; (c) cross section of a (PDDA/SiO2)1 film. 

 
Figure 7. (a) Transmission spectra of the 100 μm period LPG in the colloidal SiO2 solution in water after 
PDDA deposition (b) wavelength shifts and changes in transmission as a function of the number of 
deposition cycles for the LP020 and LP021 resonance bands, respectively; the curve is a guide to the eye only. 
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Figure 8. (a) Transmission spectra of the 100 μm period LPG under different conditions: black line, in 
air without coating; red line, in water without coating; green line, in water after deposition of the 
(PDDA/SiO2)10 film. (b) Dynamic changes of the transmission spectrum of the SiO2 NP coated LPG 
measured at 800 nm in different phases from air to water. 

The RI and film thickness of a 1-cycle PDDA/SiO2 film, measured using ellipsometry, were 
1.20 (at 633 nm) and 47±2 nm, respectively, which is in a good agreement with both the 
reported data for RI [39] and the thickness measured using SEM (see Figure 6b). It should be 
noted that dispersion of the RI in the wavelength range of 400–800 nm is negligible, with the 
RI value of 1.20±0.0001, and does not influence LPG sensor performance over the 
operational wavelength range of 600–900 nm. The deposition of the PDDA/SiO2 layer was 
also monitored using the QCM technique and UV-vis spectroscopy (data not shown). A 
(PDDA/SiO2)10 film was deposited on two different QCM electrodes and a relative standard 
deviation of ±11% was obtained. The frequency linearly decreased as the number of the 
deposition cycles increased with average values of 1739±207 Hz and 30±10 Hz for the SiO2 
and PDDA layers, respectively. This corresponds to SiO2 and PDDA masses of 1565 ng and 
27 ng per each layer, respectively. The average thickness of the SiO2 layer was 42±4 nm [36], 
which corresponds very well with the values determined using ellipsometry and SEM. A 
uniform PDDA/SiO2 film was assembled on the quartz substrate, as revealed by the increase 
of the absorbance in the UV region with increment in the number of SiO2 NP layers. The 
modulation observed in the absorption spectrum of the coated quartz slide was the result of 
the interference between light reflected from the front and rear surfaces of the coated slide, 
which introduces a channelled spectrum, the period and phase of which is dependent on the 
PDDA/SiO2 film optical thickness. Thickness values of the PDDA/SiO2 film deposited onto 
different substrates (quartz slab, silicon wafer and optical fibre) using a LbL method 
determined from SEM, QCM and ellipsometry measurements agreed well, within 
experimental error, regardless of the surface nature, indicating that  the LbL method is an 
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LP020 resonance band is much improved by  coating the LPG with a (PDDA/SiO2)10 film, 
showing a blue shift of 7 nm when the LPG was immersed in water, along with the 
appearance of the well pronounced second resonance band, LP021 (Figure 8a). This is 
attributed to the increase in sensitivity of the LPG to the surrounding RI [16], being of 
interest when measuring the RI of low concentration aqueous solutions. The response to the 
RI changes is fast (< 2 s) and stable, as indicated by the measurement of the transmitted 
power at the centre of the LP021 resonance (Figure 8b). 

 
Figure 6. SEM images of the (a) surface morphology and (b) cross-section of the (PDDA/SiO2)10 film 
deposited on a quartz substrate before TSPP infusion; (c) cross section of a (PDDA/SiO2)1 film. 

 
Figure 7. (a) Transmission spectra of the 100 μm period LPG in the colloidal SiO2 solution in water after 
PDDA deposition (b) wavelength shifts and changes in transmission as a function of the number of 
deposition cycles for the LP020 and LP021 resonance bands, respectively; the curve is a guide to the eye only. 
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Figure 8. (a) Transmission spectra of the 100 μm period LPG under different conditions: black line, in 
air without coating; red line, in water without coating; green line, in water after deposition of the 
(PDDA/SiO2)10 film. (b) Dynamic changes of the transmission spectrum of the SiO2 NP coated LPG 
measured at 800 nm in different phases from air to water. 
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PDDA/SiO2 film optical thickness. Thickness values of the PDDA/SiO2 film deposited onto 
different substrates (quartz slab, silicon wafer and optical fibre) using a LbL method 
determined from SEM, QCM and ellipsometry measurements agreed well, within 
experimental error, regardless of the surface nature, indicating that  the LbL method is an 
efficient tool for the deposition of uniform nano-thin films on different types of surfaces. 

4. Employment of functional molecules and chemical sensing 
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electrostatic interaction with PDDA in the mesopores of the film has been discussed 
previously [5]. The resonance bands (LP020 and LP021) could be used for the detection of 
chemical components that can be bound through an electrostatic interaction with the 
cationic groups of PDDA in the mesopores of the film. When an LPG coated with a 
(PDDA/SiO2)10 film is immersed in a TSPP solution, the transmission spectrum undergoes 
significant changes. Figure 9a shows the transmission spectra recorded when the 
(PDDA/SiO2)10 film coated LPG was immersed in a 1 mM TSPP water solution. As the TSPP 
is infused into the film, the RI of the film increases (from 1.200 to ca. 1.540, measured using 
ellipsometry) and the phase matching condition for coupling to LP021 is satisfied. A broad 
single attenuation band is developed rapidly (within 60 s), which subsequently  splits in two 
bands as the RI of the coating increases in response to the TSPP infusion. The required time 
to complete the binding between the TSPP and PDDA moieties is less than 600 s (Figure 9b). 
The observed response indicates a large increase in the optical thickness of the film, which is 
a result of the increase in the RI of the film, as the TSPP is infused into the porous structure 
and adsorbed to the PDDA moiety between SiO2 NPs. 

The evolution of the transmission spectrum of the SiO2 coated LPG when immersed in the 
TSPP solution is shown in the grey scale plot shown in Figure 10, where the transmission is 
represented by white and black, corresponding to 100% and 0%, respectively. The dark line 
at around 635 nm, which originates at a wavelength of 640 nm in the uncoated LPG, 
represents the resonance band that corresponds to the first order coupling to the LP020 

cladding mode. The discontinuity in the trace, at 60 s, occurred when the LPG was 
immersed in the solution and is a result of the LPG’s sensitivity to the RI of the solution.  

 
Figure 9. (a) Transmission spectra of the SiO2 NP coated LPG and (b) the dynamic transmission change 
recorded at 800 nm when the SiO2 NP coated LPG was immersed in a TSPP solution (1 mM in water). 

In order to assess the sensitivity of the optical device, the (PDDA/SiO2)10 coated LPG was 
exposed to different concentrations of TSPP, and the results are shown in Figures 11a and 
11b. The increase of the TSPP concentration from 10 to 1000 M results in a decrease of the 
transmission measured at 800 nm, corresponding to the development of the LP021 cladding 
mode resonance. This is also accompanied by a blue shift of the LP020 resonance band, 
indicating the increase of the RI of the film. The response time of the sensor is observed to be 
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slower at lower TSPP concentrations. For 1 mM TSPP concentration, the increase in 
transmission at 800 nm, shown in Figures 11b, is attributed to the splitting of the fully 
developed LP021 cladding mode resonance into dual resonance bands.  

 
Figure 10. The evolution of the transmission spectrum of the SiO2 NP coated LPG (period 100 μm), 
when immersed in an aqueous solution of TSPP (1 mM). The grey scale represents the measured 
transmission, with white corresponding to 100%, and black to 0%. 

The ability to reuse the device was tested by removing the infused TSPP molecules from the 
film using an ammonia solution (ca. 1000 ppm). The spectrum was reverted to that observed 
for the (PDDA/SiO2)10 coated LPG before TSPP infusion. Subsequent immersion of the 
(PDDA/SiO2)10 coated LPG into the TSPP solutions allowed the results shown in Figure 11 to 
be reproduced.  

A similar effect to that observed for the infusion of TSPP was observed when the 
(PDDA/SiO2)10 coated LPG was immersed into a PAA solution. The magnitude of the 
change, however, was smaller as compared to that induced by TSPP infusion, most 
plausibly being related to the lower RI of PAA (1.442) [40] as compared with that of TSPP 
(1.540) [5]. It should be noted that thickness of the (PDDA/SiO2)10 film was not changed on 
the infusion of the functional compounds, as revealed from SEM cross-sectional and 
ellipsometry measurements of the samples deposited onto the optical fibre before and after 
TSPP infusion (data not shown).  

The infusion of the TSPP molecules into the PDDA/SiO2 film deposited on a glass substrate 
was also investigated using UV-vis spectroscopy. Figure 12 shows the absorbance spectrum 
of the PDDA/SiO2 film after infusion of the TSPP compound. As can be seen from Figure 12, 
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electrostatic interaction with PDDA in the mesopores of the film has been discussed 
previously [5]. The resonance bands (LP020 and LP021) could be used for the detection of 
chemical components that can be bound through an electrostatic interaction with the 
cationic groups of PDDA in the mesopores of the film. When an LPG coated with a 
(PDDA/SiO2)10 film is immersed in a TSPP solution, the transmission spectrum undergoes 
significant changes. Figure 9a shows the transmission spectra recorded when the 
(PDDA/SiO2)10 film coated LPG was immersed in a 1 mM TSPP water solution. As the TSPP 
is infused into the film, the RI of the film increases (from 1.200 to ca. 1.540, measured using 
ellipsometry) and the phase matching condition for coupling to LP021 is satisfied. A broad 
single attenuation band is developed rapidly (within 60 s), which subsequently  splits in two 
bands as the RI of the coating increases in response to the TSPP infusion. The required time 
to complete the binding between the TSPP and PDDA moieties is less than 600 s (Figure 9b). 
The observed response indicates a large increase in the optical thickness of the film, which is 
a result of the increase in the RI of the film, as the TSPP is infused into the porous structure 
and adsorbed to the PDDA moiety between SiO2 NPs. 

The evolution of the transmission spectrum of the SiO2 coated LPG when immersed in the 
TSPP solution is shown in the grey scale plot shown in Figure 10, where the transmission is 
represented by white and black, corresponding to 100% and 0%, respectively. The dark line 
at around 635 nm, which originates at a wavelength of 640 nm in the uncoated LPG, 
represents the resonance band that corresponds to the first order coupling to the LP020 

cladding mode. The discontinuity in the trace, at 60 s, occurred when the LPG was 
immersed in the solution and is a result of the LPG’s sensitivity to the RI of the solution.  
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recorded at 800 nm when the SiO2 NP coated LPG was immersed in a TSPP solution (1 mM in water). 
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exposed to different concentrations of TSPP, and the results are shown in Figures 11a and 
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slower at lower TSPP concentrations. For 1 mM TSPP concentration, the increase in 
transmission at 800 nm, shown in Figures 11b, is attributed to the splitting of the fully 
developed LP021 cladding mode resonance into dual resonance bands.  

 
Figure 10. The evolution of the transmission spectrum of the SiO2 NP coated LPG (period 100 μm), 
when immersed in an aqueous solution of TSPP (1 mM). The grey scale represents the measured 
transmission, with white corresponding to 100%, and black to 0%. 

The ability to reuse the device was tested by removing the infused TSPP molecules from the 
film using an ammonia solution (ca. 1000 ppm). The spectrum was reverted to that observed 
for the (PDDA/SiO2)10 coated LPG before TSPP infusion. Subsequent immersion of the 
(PDDA/SiO2)10 coated LPG into the TSPP solutions allowed the results shown in Figure 11 to 
be reproduced.  

A similar effect to that observed for the infusion of TSPP was observed when the 
(PDDA/SiO2)10 coated LPG was immersed into a PAA solution. The magnitude of the 
change, however, was smaller as compared to that induced by TSPP infusion, most 
plausibly being related to the lower RI of PAA (1.442) [40] as compared with that of TSPP 
(1.540) [5]. It should be noted that thickness of the (PDDA/SiO2)10 film was not changed on 
the infusion of the functional compounds, as revealed from SEM cross-sectional and 
ellipsometry measurements of the samples deposited onto the optical fibre before and after 
TSPP infusion (data not shown).  

The infusion of the TSPP molecules into the PDDA/SiO2 film deposited on a glass substrate 
was also investigated using UV-vis spectroscopy. Figure 12 shows the absorbance spectrum 
of the PDDA/SiO2 film after infusion of the TSPP compound. As can be seen from Figure 12, 
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the two Soret bands at wavelengths 419 and 482 nm, along with well-pronounced Q-band at 
700 nm, are present, which indicates that the TSPP compound forms J-aggregates in the 
porous silica film [41,42]. It was previously confirmed that nano-assembled thin films with 
TSPP in J-aggregate state are particularly sensitive to ammonia gas [42]. In this work, 
mesoporous SiO2 NPs films infused with TSPP were to be used to detect the presence of 
ammonia in aqueous solutions. In order to study the stability of the PDDA/SiO2 films 
infused with TSPP in aqueous solutions, they were immersed into water several times, with 
the resultant changes in absorption spectra shown in Figure 12. The second Soret-band (482 
nm) and Q-band (at 700 nm) disappeared when the film was immersed into water, 
accompanied by a decrease in the absorbance of the first Soret-band (419 nm), which 
indicates the partial removal of the adsorbed TSPP molecules from the film [42]. We can 
speculate that this phenomenon is a result of the cleavage of the J-aggregates of TSPP 
formed in the space between the SiO2 NPs.  

 
Figure 11. (a) Transmission spectra of the (PDDA/SiO2)10 coated LPG; (b) transmission change recorded 
at 800 nm in response to different concentrations of TSPP (from 10 μM to 1 mM in water) and (c) 
dynamic response to the three infusions of TSPP into the PDDA/SiO2 porous film recorded at 800 nm; 
the infusion was conducted after complete removal of TSPP from the PDDA/SiO2 using an NH3 solution 
of concentration 1000 ppm. 
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Figure 12. Absorption spectra of the (PDDA/SiO2)10 film infused with TSPP on a quartz plate: before 
immersion into H2O (solid line) and after immersion into ammonia solutions of concentration from 0 
ppm, 1.7 ppm, 17 ppm and 170 ppm (dashed lines); inset shows the structure of the TSPP. 

The observed absorbance decrease reached a steady state after several immersions, 
indicating that only strongly bound TSPP molecules remained in the PDDA/SiO2 porous 
film. Subsequently, immersion of the PDDA/SiO2 film into aqueous solutions containing 
ammonia led to the further removal of TSPP from the film, resulting in a decrease of the 
absorbance at 419 nm in proportion to the ammonia concentration, as shown in Figure 12. 
The absorbance at 419 nm almost disappeared, at an ammonia concentration of 170 ppm. 

The amount of TSPP infused inside the mesoporous film was estimated from QCM 
measurements to be 1135.6 ng (1.13 nmol). Consequently, considering the amount of 
adsorbed PDDA to be 250 ng (278 Hz for 10 cycles, 1.50 nmol as monomer unit of PDDA), 
the porous film contains sufficient binding sites for the infused TSPP molecules using the 
electrostatic interaction. When the QCM electrode that had been coated with a 
(PDDA/SiO2)10 film infused with TSPP was immersed into water and into ammonia, a 
similar trend to that measured using a UV-vis spectrophotometer was observed [36]. In 
particular, the frequency increased after each immersion into water (for 5 min) by up to a 
factor of 5, indicating the desorption of TSPP from the film; about 70% of the employed 
TSPP molecules were removed from the film [36]. Further immersion into water did not lead 
to a significant frequency change, suggesting that strongly bound TSPP (ca. 30% of the 
employed TSPP molecules) remained in the mesoporous film. When the film was exposed to 
ammonia solutions of different concentrations, further desorption of TSPP was observed 
and the total mass loss was 292 ng, indicating the almost complete removal of TSPP from the 
film [36]. Consequently, ca. 51 ng of TSPP remained in the film after ammonia treatment. 

For ammonia detection, the sensing mechanism may be based upon changes in the RI of the 
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their optical spectrum in the solid state is different to that in solution, due to the presence of 
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the two Soret bands at wavelengths 419 and 482 nm, along with well-pronounced Q-band at 
700 nm, are present, which indicates that the TSPP compound forms J-aggregates in the 
porous silica film [41,42]. It was previously confirmed that nano-assembled thin films with 
TSPP in J-aggregate state are particularly sensitive to ammonia gas [42]. In this work, 
mesoporous SiO2 NPs films infused with TSPP were to be used to detect the presence of 
ammonia in aqueous solutions. In order to study the stability of the PDDA/SiO2 films 
infused with TSPP in aqueous solutions, they were immersed into water several times, with 
the resultant changes in absorption spectra shown in Figure 12. The second Soret-band (482 
nm) and Q-band (at 700 nm) disappeared when the film was immersed into water, 
accompanied by a decrease in the absorbance of the first Soret-band (419 nm), which 
indicates the partial removal of the adsorbed TSPP molecules from the film [42]. We can 
speculate that this phenomenon is a result of the cleavage of the J-aggregates of TSPP 
formed in the space between the SiO2 NPs.  

 
Figure 11. (a) Transmission spectra of the (PDDA/SiO2)10 coated LPG; (b) transmission change recorded 
at 800 nm in response to different concentrations of TSPP (from 10 μM to 1 mM in water) and (c) 
dynamic response to the three infusions of TSPP into the PDDA/SiO2 porous film recorded at 800 nm; 
the infusion was conducted after complete removal of TSPP from the PDDA/SiO2 using an NH3 solution 
of concentration 1000 ppm. 
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Figure 12. Absorption spectra of the (PDDA/SiO2)10 film infused with TSPP on a quartz plate: before 
immersion into H2O (solid line) and after immersion into ammonia solutions of concentration from 0 
ppm, 1.7 ppm, 17 ppm and 170 ppm (dashed lines); inset shows the structure of the TSPP. 
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strong – interactions [43]. Interactions with some chemical species can produce further 
spectral changes, thus creating the possibility that they can be used in the development of 
optical sensor systems. For instance, exposure of TSPP that has sulfonic functional groups to 
ammonia leads to the modification of the absorption spectrum [42]. 

5. Ammonia sensing  

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 as discussed above. 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. 

 
         (a)                                                                           (b) 

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. 

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 exposing the devise into water 
and ammonium solutions, respectively. After repeating the process of immersion in water 
and drying 4 times, the recorded spectrum was stable, demonstrating the robustness and 
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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 corresponding to coupling to the LP020 cladding 
mode exhibits additional small red shifts of 0.5 and 1.5 nm when subsequently immersed in 
solutions of 1 ppm and 10 ppm ammonia concentration, respectively, along with decreases 
in amplitude, as shown in Figure 13a. The limit of detection (LOD) for the 100 m 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 following equation [36, 44].  

 LOD=3·σ/m (2) 

where  is the standard uncertainty obtained as a symmetric rectangular probability [45]; m 
is the slope of the calibration curve. The sensing mechanism postulated is based upon the 
UV-vis  spectrometer, QCM and LPG fibre measurements, and can be illustrated using 
Figure 14. As mentioned previously, while most of TSPP molecules form J-aggregates in the 
PDDA/SiO2 film, some of the molecules are present in monomeric forms, as shown in 
Figure 14a, which may be easily sulfonated into species with neutral (TSPP4−) and 
protonated (H2TSPP2−) pyrrole rings in water. As can be concluded from UV-vis 
measurements, on immersion of the TSPP-infused PDDA/SiO2 film into water, most of J-
aggregated TSPP molecules are removed from the mesopores between SiO2 NPs, Figure 12. 
This indicates that the intermolecular interaction between J-aggregates of TSPP can be easily 
broken in water. However, some strongly bond TSPP compounds remained in the porous 
film. Figure 14b shows the chemical reactions involved in the interaction of ammonia with 
the TSPP4− and H2TSPP2− monomers. The electrostatic interaction between TSPP and PDDA 
is disturbed by the formation of ammonium ions and this causes the further desorption of 
the TSPP compound from the PDDA/SiO2 film and consequently a decrease in the refractive 
index of the film.  

It is important to consider the influence of the pH of the ammonia solutions on the sensor 
response, as the electrostatic interaction between TSPP and PDDA can be disturbed by OH− 
ions in solution. To check this, the pH of the ammonia solutions used in this work were 
measured using a compact pH meter (B-211, Horiba), showing 7.3, 7.3 and 7.6 for 0.1, 1, and 
10 ppm solutions, respectively. Thus, the molar concentration of NH3 and OH− is estimated 
to be 0.58, 5.8 and 58 mM for NH3 and 0.25, 0.25 and 50 nM for OH−, respectively. These data 
reveal that the concentration of OH− does not have a significant role and the sensing 
mechanism is mainly based on the basicity of ammonia, as shown in Figure 14b. The cross 
sensitivity of the LPG sensor was tested using ethanol and methanol aqueous solutions. 
There was no measurable response of the sensor at the concentration levels similar to those 
tested for ammonia (0.1, 1, 10 and 100 ppm) indicating high selectivity of the sensor device 
to ammonia over those analytes. At much higher concentrations (10,000 ppm), however, 
blue-shift of the LP020 band and decrease in transmission at 800 nm was registered, which 
can be ascribed to the change of the bulk RI of the solution [6].  
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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 
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transmission recorded at 800 nm after drying the LPG and exposing the devise into water 
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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 corresponding to coupling to the LP020 cladding 
mode exhibits additional small red shifts of 0.5 and 1.5 nm when subsequently immersed in 
solutions of 1 ppm and 10 ppm ammonia concentration, respectively, along with decreases 
in amplitude, as shown in Figure 13a. The limit of detection (LOD) for the 100 m 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 following equation [36, 44].  

 LOD=3·σ/m (2) 

where  is the standard uncertainty obtained as a symmetric rectangular probability [45]; m 
is the slope of the calibration curve. The sensing mechanism postulated is based upon the 
UV-vis  spectrometer, QCM and LPG fibre measurements, and can be illustrated using 
Figure 14. As mentioned previously, while most of TSPP molecules form J-aggregates in the 
PDDA/SiO2 film, some of the molecules are present in monomeric forms, as shown in 
Figure 14a, which may be easily sulfonated into species with neutral (TSPP4−) and 
protonated (H2TSPP2−) pyrrole rings in water. As can be concluded from UV-vis 
measurements, on immersion of the TSPP-infused PDDA/SiO2 film into water, most of J-
aggregated TSPP molecules are removed from the mesopores between SiO2 NPs, Figure 12. 
This indicates that the intermolecular interaction between J-aggregates of TSPP can be easily 
broken in water. However, some strongly bond TSPP compounds remained in the porous 
film. Figure 14b shows the chemical reactions involved in the interaction of ammonia with 
the TSPP4− and H2TSPP2− monomers. The electrostatic interaction between TSPP and PDDA 
is disturbed by the formation of ammonium ions and this causes the further desorption of 
the TSPP compound from the PDDA/SiO2 film and consequently a decrease in the refractive 
index of the film.  

It is important to consider the influence of the pH of the ammonia solutions on the sensor 
response, as the electrostatic interaction between TSPP and PDDA can be disturbed by OH− 
ions in solution. To check this, the pH of the ammonia solutions used in this work were 
measured using a compact pH meter (B-211, Horiba), showing 7.3, 7.3 and 7.6 for 0.1, 1, and 
10 ppm solutions, respectively. Thus, the molar concentration of NH3 and OH− is estimated 
to be 0.58, 5.8 and 58 mM for NH3 and 0.25, 0.25 and 50 nM for OH−, respectively. These data 
reveal that the concentration of OH− does not have a significant role and the sensing 
mechanism is mainly based on the basicity of ammonia, as shown in Figure 14b. The cross 
sensitivity of the LPG sensor was tested using ethanol and methanol aqueous solutions. 
There was no measurable response of the sensor at the concentration levels similar to those 
tested for ammonia (0.1, 1, 10 and 100 ppm) indicating high selectivity of the sensor device 
to ammonia over those analytes. At much higher concentrations (10,000 ppm), however, 
blue-shift of the LP020 band and decrease in transmission at 800 nm was registered, which 
can be ascribed to the change of the bulk RI of the solution [6].  
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Figure 14. Schematic illustration of the sensing mechanism. 

 
Scheme 1. Schematic illustration of the ammonia sensing mechanism for the LPG fibres modified with 
(a) TSPP-infused PDDA/SiO2 and (b) PAA-infused PDDA/SiO2 films. 
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The assessment of the cross sensitivity to other amine containing compounds is in progress. 
When compared with other ammonia optical sensors [46] the developed LPG device shows 
similar detection levels to coulorometric [47] and absorption spectroscopy [48] devices. In 
particular, the current LPG optical fibre sensor modified with a mesoporous thin film offers 
unique advantages such as versatile chemical infusion of various chemicals into the 
mesopores, fast response time owing to the easy analyte penetration and robustness. In 
addition, due to unique properties of the optical fibre such as biocompatibility, 
multiplexing, small size, immunity to electromagnetic interference and possibility to work 
in harsh environment, a cost effective, portable sensor system can be produced. To further 
elucidate the sensing principle of the LPG sensor, the response of a (PDDA/SiO2)10 coated 
LPG and of a PAA-infused (PDDA/SiO2)10 coated LPG was further examined. There was no 
change when the (PDDA/SiO2)10 and PAA infused (PDDA/SiO2)10 coated LPGs were 
exposed to ammonia solutions which have similar values of RI, 1.3329, from 1 ppm to 100 
ppm concentrations as measured using a portable refractometer (R-5000, Atago). Thus, no 
change in sensor signal was recorded in the (PDDA/SiO2)10 coated LPG. On the other hand, 
higher affinity to ammonia based on the acid-base interaction is expected in the PAA-
infused (PDDA/SiO2)10 coated LPG [39]. However, no response to ammonia was observed. 
This indicates that the adsorption of ammonia in small molecular size results in a small RI 
change. Consequently, the selective desorption of the functional compound with a high RI 
from the mesoporous film results in a significant increase in the device sensitivity, as shown 
in Scheme 1. This measurement principle can be further explored for a different set of 
analyte-functional compound pair including biological analytes expanding the application 
range of the proposed LPG device. 

6. Device repeatability 

It was observed that, if the sensor was repeatedly exposed to a certain concentration of 
ammonia following a washing and drying cycle, the response was not reproducible, in that 
on each subsequent exposure to ammonia the extinction of the band was further reduced, as 
shown in Figure 13. The extinction of the band still changes in time and the effect saturates 
with the increase of the ammonia concentration, in the way indicated in Figure 13 b. The 
linear dependence of the sensor response upon the ammonia concentration indicates that 
magnitude of the change on each exposure is the same; thus proposed device can be 
employed for measurements of the cumulative exposure to ammonia. However, after a 
number of repeated exposures, with the number being dependent on the concentration of 
the ammonia solution to which the device was exposed, the sensitivity was exhausted, and 
exposure to the ammonia solution would produce a spectrum equivalent to that obtained 
after deposition of the porous film, but before TSPP infusion [5]. It was found that the TSPP 
compound could be infused into the porous film again by the exposure of the LPG to a 1 
mM solution of TSPP (step (vii) in Figure 5). The reproducibility of the device was tested by 
the exposure of the LPG coated with the TSPP infused (PDDA/SiO2)10 film to an ammonia 
solution of concentration >1000 ppm (concentration chosen to ensure that the TSPP was 
completely desorbed from the PDDA/SiO2 film), followed by washing with pure water and 
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ppm concentrations as measured using a portable refractometer (R-5000, Atago). Thus, no 
change in sensor signal was recorded in the (PDDA/SiO2)10 coated LPG. On the other hand, 
higher affinity to ammonia based on the acid-base interaction is expected in the PAA-
infused (PDDA/SiO2)10 coated LPG [39]. However, no response to ammonia was observed. 
This indicates that the adsorption of ammonia in small molecular size results in a small RI 
change. Consequently, the selective desorption of the functional compound with a high RI 
from the mesoporous film results in a significant increase in the device sensitivity, as shown 
in Scheme 1. This measurement principle can be further explored for a different set of 
analyte-functional compound pair including biological analytes expanding the application 
range of the proposed LPG device. 

6. Device repeatability 

It was observed that, if the sensor was repeatedly exposed to a certain concentration of 
ammonia following a washing and drying cycle, the response was not reproducible, in that 
on each subsequent exposure to ammonia the extinction of the band was further reduced, as 
shown in Figure 13. The extinction of the band still changes in time and the effect saturates 
with the increase of the ammonia concentration, in the way indicated in Figure 13 b. The 
linear dependence of the sensor response upon the ammonia concentration indicates that 
magnitude of the change on each exposure is the same; thus proposed device can be 
employed for measurements of the cumulative exposure to ammonia. However, after a 
number of repeated exposures, with the number being dependent on the concentration of 
the ammonia solution to which the device was exposed, the sensitivity was exhausted, and 
exposure to the ammonia solution would produce a spectrum equivalent to that obtained 
after deposition of the porous film, but before TSPP infusion [5]. It was found that the TSPP 
compound could be infused into the porous film again by the exposure of the LPG to a 1 
mM solution of TSPP (step (vii) in Figure 5). The reproducibility of the device was tested by 
the exposure of the LPG coated with the TSPP infused (PDDA/SiO2)10 film to an ammonia 
solution of concentration >1000 ppm (concentration chosen to ensure that the TSPP was 
completely desorbed from the PDDA/SiO2 film), followed by washing with pure water and 
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immersion in a 1 mM TSPP solution in order to regenerate the original film properties [5], 
Figure 11c. The procedure was repeated 5 times and the same behaviour and resulting LPG 
transmission spectrum were obtained after each reinfusion process. It should be noted that 
ammonia measurements were conducted 3 times at each concentration. These results indicate 
that highly reproducible measurements can be conducted by employing TSPP reinfusion step. 

7. Summary 

The response of the transmission spectrum of an LPG of period 100 m to the deposition of 
a multilayer film of SiO2 NPs and the subsequent infusion of a porphyrin into the porous 
coating has been characterized. The infusion of the functional materials, chosen to be 
sensitive to the analyte of interest, into the base mesoporous coating was reported. Two 
possible sensing mechanisms have been exploited, based upon changes in the refractive 
index of the coating resulting from (1) chemically induced RI changes of the mesoporous 
coating at the adsorption of the analyte to the functional material, namely PAA and (2) 
chemically induced desorption of the functional material, namely TSPP, from the 
mesoporous coating. The operation of the device as a re-useable ammonia sensor with a 
minimum detection level of 0.14 ppm and a response time of approximately 100 s exploiting 
desorption sensing mechanism has been reported. On the other hand, the ammonia 
adsorption to the carboxylic functional groups of the PAA resulted in a small RI change and 
low sensitivity to analyte. The film thicknesses and functional material infusion time 
employed in this work have been determined empirically, as the calculation of the RI of the 
porous coating infused with TSPP and immersed in water would be highly complex. 
Operation of the system at the point of coincidence of the mode transition region and phase 
matching turning point for films of larger/smaller thickness could be achieved by 
decreasing/increasing the quantity of the function dye infused into the film, and this may 
influence the minimum detectable concentration and sensitivity. Such issues are currently 
under investigation. Advantages of the proposed method lie in the ability to control 
functionality of the coating by, for instance, choosing different matrix polymers that extend 
the class of the detectable analytes. Additionally, infusion of different types of functional 
compounds would allow the detection of different chemicals using a similar principle of 
operation. Future work is planned to demonstrate the current system for sensing a variety of 
chemical and biological compounds and for gas sensing. 
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immersion in a 1 mM TSPP solution in order to regenerate the original film properties [5], 
Figure 11c. The procedure was repeated 5 times and the same behaviour and resulting LPG 
transmission spectrum were obtained after each reinfusion process. It should be noted that 
ammonia measurements were conducted 3 times at each concentration. These results indicate 
that highly reproducible measurements can be conducted by employing TSPP reinfusion step. 

7. Summary 

The response of the transmission spectrum of an LPG of period 100 m to the deposition of 
a multilayer film of SiO2 NPs and the subsequent infusion of a porphyrin into the porous 
coating has been characterized. The infusion of the functional materials, chosen to be 
sensitive to the analyte of interest, into the base mesoporous coating was reported. Two 
possible sensing mechanisms have been exploited, based upon changes in the refractive 
index of the coating resulting from (1) chemically induced RI changes of the mesoporous 
coating at the adsorption of the analyte to the functional material, namely PAA and (2) 
chemically induced desorption of the functional material, namely TSPP, from the 
mesoporous coating. The operation of the device as a re-useable ammonia sensor with a 
minimum detection level of 0.14 ppm and a response time of approximately 100 s exploiting 
desorption sensing mechanism has been reported. On the other hand, the ammonia 
adsorption to the carboxylic functional groups of the PAA resulted in a small RI change and 
low sensitivity to analyte. The film thicknesses and functional material infusion time 
employed in this work have been determined empirically, as the calculation of the RI of the 
porous coating infused with TSPP and immersed in water would be highly complex. 
Operation of the system at the point of coincidence of the mode transition region and phase 
matching turning point for films of larger/smaller thickness could be achieved by 
decreasing/increasing the quantity of the function dye infused into the film, and this may 
influence the minimum detectable concentration and sensitivity. Such issues are currently 
under investigation. Advantages of the proposed method lie in the ability to control 
functionality of the coating by, for instance, choosing different matrix polymers that extend 
the class of the detectable analytes. Additionally, infusion of different types of functional 
compounds would allow the detection of different chemicals using a similar principle of 
operation. Future work is planned to demonstrate the current system for sensing a variety of 
chemical and biological compounds and for gas sensing. 
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1. Introduction 

Traditionally, long period fiber gratings (LPG) are made in passive optical fibers that have 
negligible loss. However, loss or gain that can be controlled via optical pumping adds a new 
degree of freedom and – as will be shown in this chapter – brings many new and interesting 
properties.  

From the historical perspective, the first attempt to combine the fiber gain and LPG filtering 
characteristics was for gain flattening of an Erbium-doped fiber (EDF) amplifier by 
inscribing LPG directly into the active fiber [1]. At the same time, theoretical studies [2,3] 
showed that a proper level of loss/gain in the fiber core or cladding can modify the LPG 
transmission characteristics. Significant theoretical and experimental body of work has been 
published since with new emerging applications appearing.  

In this chapter, we investigate the new phenomena brought by the presence of the loss/gain 
[2,3]. Following this, we look on practical possibilities how to obtain required gain in active 
optical fibers and show how to analyze such structures, in which (incoherent) noise from an 
amplifying fiber is simultaneously generated and diffracted at the LPG [4]. Finally, we 
discuss possible application of the LPG in active fibers.  

2. Theoretical analysis 

First, we analyze LPG using standard coupled mode theory in which we consider that the 
refractive index is a complex number in which the imaginary part represents the gain/loss. 
Following this analysis, we show approaches into rigorous modeling of the active gain 
medium that contains an LPG, including the spontaneous emission and amplified 
spontaneous emission generation, propagation, and diffraction.  
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distribution, and reproduction in any medium, provided the original work is properly cited.
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2.1. Coupled mode equations considering gain/loss 

Similarly to an LPG in a gain/loss-less fiber, LPG assists coupling between the core and a 
cladding mode at the wavelength for which the phase matching condition is satisfied for 
real part of the mode propagation constants:  
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where βcl = (2π/λ)ncleff+jαcl and βco = (2π/λ)ncoeff +jαco are  the propagation constants of the 
interacting cladding and core modes, respectively, λ is the wavelength, Λ is the grating 
period, ncleff and ncoeff are the effective refractive indices of the interacting cladding mode and 
the core mode, αcl and αco are the absorption (when positive) or amplification (when 
negative) factors of the cladding and the core modes, respectively. Propagation constants for 
the core and cladding modes can be straightforwardly calculated, especially when 
considering a step-index fiber refractive index profile [4-6]. The strength of the coupling 
between the two modes depends on the coupling coefficient calculated as a confinement 
factor between the field of the two interacting modes [7]: 
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where ω is the angular frequency, ε0 is the permittivity of vacuum, σ(z) is the LPG index 
modulation amplitude, Er and Eφ are the radial and azimuthal parts of electric field. The 
asterisk signifies complex conjugate value. For non-uniform LPGs the index modulation 
amplitide generally varies along the fiber, so it depends on the distance z from the LPG 
input. In the following text we consider only LPGs which are uniform (σ(z)=const over the 
entire LPG length).  

The mode coupling process along the LPG is described by the following coupled mode 
equations [7]: 
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where A(z) and B(z) are slowly varying envelopes of the core mode and the interacting 
cladding mode, and z is the coordinate originated at the LPG input. The solution of these 
equations for a uniform LPG of length L and for the initial condition of input signal 
launched in the core mode only (A(0) = 1 and B(z) = 0) can be written in the form of the 
amplitude core-to-core mode transmission [2]: 
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where γ is: 

 22 .     (7) 

2.2. Condition for critical coupling 

In a standard fiber like SMF-28, propagation losses are low and can be completely neglected 
over few centimeters, which is a typical LPG length, even for high order cladding modes 
(provided the protective high-refractive index fiber jacket is stripped off). Therefore, the 
long period index perturbation along the fiber length provides constant optical power 
exchange between the coupled modes. An optical signal launched into the core at the LPG 
resonance wavelength will be completely coupled by the LPG into the cladding mode and 
then it will be completely coupled back into the core. This process will be repeated again 
and again as long as long-period perturbation is induced along the fiber. At the LPG 
resonance wavelength where the mismatch factor 0  , the core-to-core mode transmission 
is  

 cos( ).t L  (8) 

The only way to provide full signal out-coupling from the core into the cladding mode is to 
terminate the LPG at discrete length values of L = mπ/(2κ), for m = 1, 2, 3, …  

As we will describe now, the performance changes completely when there is an appropriate 
level of loss or gain in the fiber core or cladding. For example, for the case of cladding mode 
loss, optical signal is getting lost there and less optical power returns back into the core. 
However, the situation is more complicated/interesting as shown below. 

At the wavelength where the mode matching condition (Eq.(1)) is satisfied, the mismatch 
factor becomes purely imaginary: δ=-j(αcl - αco)/2. Substituting this expression for mismatch 
factor at the resonance wavelength into Eq.(6), and equating it to zero, we get a relationship 
between the grating strength, κL, and the dimensionless loss factor, q= (αcl - αco)/(2κ): 
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The solution of Eq.(9) is presented (in dimensionless variables: κL and q) in Fig. 1. For each 
value of κL the curve gives us the optimum ratio between the attenuation and the coupling 
coefficient (characterized by q) that provides full signal light attenuation in the core mode. 
Thus, solution exists for any κL, unlike for a loss-less LPG, where full coupling is possible 
only at discrete values of κL. In other words, zero core mode transmission for an LPG of any 
strength κL can be found, depending on the loss/gain relations of the core and the 
interacting cladding modes. 
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The solution of Eq.(9) is presented (in dimensionless variables: κL and q) in Fig. 1. For each 
value of κL the curve gives us the optimum ratio between the attenuation and the coupling 
coefficient (characterized by q) that provides full signal light attenuation in the core mode. 
Thus, solution exists for any κL, unlike for a loss-less LPG, where full coupling is possible 
only at discrete values of κL. In other words, zero core mode transmission for an LPG of any 
strength κL can be found, depending on the loss/gain relations of the core and the 
interacting cladding modes. 
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It is worth analyzing which parts of the curve shown in Fig. 1 are practically attainable. For 
example, in a usual situation in which the core mode loss is smaller than the cladding mode 
loss, we get always q>0 and thus full coupling is possible (from Fig. 1) only for κL>π/2. 
However, q<0 (and thus also full coupling at  κL<π/2, Fig. 1) can be, e.g., achieved by 
introducing loss into the core mode (that is larger than the cladding mode loss). Another 
interesting possibilities are considering core mode gain (q>0 and thus solutions limited to 
κL>π/2) or cladding mode gain with the core mode unamplified (q<0 with solutions for 
κL<π/2) [3]. The latter   could be practically achieved when considering double-clad fibers 
used for high-power fiber lasers, in which the cladding is doped by active ions [8]. 

Another interesting feature when considering gain/loss of core/cladding modes is that it 
may reduce interference sidelobes occurring outside of the resonance, obtaining a smooth, 
side-lobe free transmission spectrum [2]. 
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Figure 1. Required value of q=(αcl -αco)/(2κ)) for obtaining full attenuation in the transmission spectrum 
of the core mode at the resonance wavelength (critical coupling) for a given LPG strength of κL. 

To provide some physical insight into the mode coupling process in the presence of gain or 
loss, we show the grating transmission as a function of κL for various values of q=α2/2κ (for 
clarity, only loss/gain in the cladding mode is considered here) – Fig. 2 [3]. The conventional 
sinusoidal transmission of loss/gain-free grating is shown as a solid curve. We can clearly 
see distinct types of transmission grating behavior depending on the magnitude of loss/gain. 

2.3. Active fibers 

The analysis of LPG in active fibers is based on a combination of two processes: coupled 
mode interaction (characterized by Eqs.(3-4)) and mode amplification (characterized by rate 
equations) [4]. To observe effects described in the previous section, high concentration of Er 
ions is required to achieve a significant gain over a length of an LPG that is usually 
relatively short (cm to tens of cm). Such high Er concentrations generally lead to cluster 
formations and up-conversion in the EDF, which has also to be taken into account.  
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Figure 2. Variation of the grating transmission at the resonance wavelength with the grating strength 
κL for different q=α2/2κ values.  

There are several new phenomena occurring when considering not only the gain factor as in 
the previous part. The presence of gain/loss in the fiber with an LPG also changes resonance 
wavelength through modification of the effective refractive index of the coupled modes 
through Kramers-Kroning effect. Further, the presence of (amplified) spontaneous emission, 
(A)SE limits the maximum attainable transmission dip [4].  

Here, the fibre is simulated by a two level system with the ground level and the meta-stable 
(excited) level. Due to high concentration of Er ions in the fibre it is necessary to take into 
account possible cluster formation and elevated occurrence of the up-conversion (process 
when the Er ions reach higher levels of excitation). Both cluster formation and up-
conversion severely limits the maximum attainable gain for fibres with high concentration 
of Er ions and thus has to be considered. 

In the up-conversion model we assume that the probability of the interaction of an ion with 
its neighbour is proportional to N22, where N2 is the number of Er ions in the excited state. 
Next model assumes cluster formation. In a cluster, only a single Er ion can contribute to the 
gain. In our analysis, clusters with more than two Er ions are not considered, as their 
contribution is generally negligible. In a combined model [9] the total number of ions 
contributing to the gain is: 

 2 2 2 ,SC PN N N   (10) 

where N2SC is an average number of single excited ions and N2P is an average number of 
excited clusters. The average number of Er ions in not-excited state is N1 = NEr-N2  (with NEr 
total number of Er ions). Average number of single excited ions and excited clusters is: 
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In the above equations R is a percentage of ions in clusters, Pk is the peak power of signals 
and pump on νk frequencies, τ21 is the metastable state lifetime, h is the Planck constant, Aeff 
is the effective core area and σka with σke are the absorption and emission cross-sections 
defined in the characteristics of the fiber. Cup [10] is the concentration independent and host 
dependent constant in m3/s. Constant Cup can be determined by fitting the measured data. Γk 
is the overlap integral between the doped area and the optical mode field [11]. 

In an active medium we can observe a refractive index change due to the pump power. This 
translates into the slight wavelength shift of the coupling wavelength. The refractive index 
change is given by [12]: 
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where Pthr is the threshold power for which the number of Er ions in the ground state is the 
same as in the meta-stable state (N1=N2). Pk sums both the signal powers and the pump 
powers in forward and backward directions. Since the pump propagates mainly in the core, 
we have neglected any refractive index changes in the cladding. Real parts of the absorption 
coefficient σa’ and the emission coefficient σe’ are computed from σa and σe through 
Kramers-Kroning relations. 

To include the active medium into the coupled-mode theory, it is necessary to define the 
signal absorption coefficient ga(z, ѵ), signal emission coefficient ge(z, ѵ) and pump absorption 
coefficient αp [13]: 
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where the index p is attributed to the variables corresponding to the pump, and BL is the 
background loss. Here we assume a fiber with Er ions doped in the core only and thus that 
only the core mode is amplified since most of the power of the cladding modes propagates 
in the cladding. The core mode is amplified according to: 
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where PA is the core mode intensity. The pump is then described similarly by: 
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The signs ± mean forward and backward pumping. 

2.4. Amplified spontaneous emission and modes of pumping 

As described above, more careful approach has to be taken for ASE. The coupled mode 
equations, Eqs.(3-4), are amplitude and phase dependent (describing coherent interaction), 
while the rate equations represented by Eqs.(16-20) are power intensity-dependent only 
(describing an incoherent interaction).  

 
Figure 3. Description of SE and ASE treatment (SE – spontaneous emission, ASE – amplified 
spontaneous emission, OSA – optical spectrum analyzer). 



 
Current Trends in Short- and Long-Period Fiber Gratings 92 

 

21

2

2 21

( )
(1 2 )

,
( )

1 (1 2 )

a
k k k

Er
k k effSC

SC k
up IS

k k

P z
R N

h A
N

P z
C R N

P

 








  




 (11) 

 

21

2
21

( )
2

,
( ) ( )

1

a
k k k

Er
k k effP

a
k k k k

IS
k k k effk

P z
RN

h A
N

P z P z
h AP

 


 







 



 
 (12) 

where 

 
21

.
( )

k effIS
k a e

k k k

h A
P



  


 
 (13) 

In the above equations R is a percentage of ions in clusters, Pk is the peak power of signals 
and pump on νk frequencies, τ21 is the metastable state lifetime, h is the Planck constant, Aeff 
is the effective core area and σka with σke are the absorption and emission cross-sections 
defined in the characteristics of the fiber. Cup [10] is the concentration independent and host 
dependent constant in m3/s. Constant Cup can be determined by fitting the measured data. Γk 
is the overlap integral between the doped area and the optical mode field [11]. 

In an active medium we can observe a refractive index change due to the pump power. This 
translates into the slight wavelength shift of the coupling wavelength. The refractive index 
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where Pthr is the threshold power for which the number of Er ions in the ground state is the 
same as in the meta-stable state (N1=N2). Pk sums both the signal powers and the pump 
powers in forward and backward directions. Since the pump propagates mainly in the core, 
we have neglected any refractive index changes in the cladding. Real parts of the absorption 
coefficient σa’ and the emission coefficient σe’ are computed from σa and σe through 
Kramers-Kroning relations. 

To include the active medium into the coupled-mode theory, it is necessary to define the 
signal absorption coefficient ga(z, ѵ), signal emission coefficient ge(z, ѵ) and pump absorption 
coefficient αp [13]: 
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where PA is the core mode intensity. The pump is then described similarly by: 

 .p
p p

dP
P

dz



   (20) 

The signs ± mean forward and backward pumping. 

2.4. Amplified spontaneous emission and modes of pumping 

As described above, more careful approach has to be taken for ASE. The coupled mode 
equations, Eqs.(3-4), are amplitude and phase dependent (describing coherent interaction), 
while the rate equations represented by Eqs.(16-20) are power intensity-dependent only 
(describing an incoherent interaction).  

 
Figure 3. Description of SE and ASE treatment (SE – spontaneous emission, ASE – amplified 
spontaneous emission, OSA – optical spectrum analyzer). 
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ASE is seeded along the entire EDF length by spontaneous emission (SE) and subsequently 
amplified. In a standard EDF analysis, the fiber is divided into n segments first, the 
considered spectral bandwidth is divided into slots and each spectral component is 
propagated separately. Subsequently, the noise present at the input of the i-th segment, i=1, 
2,..n (SE generated in the (i-1)-th segment and ASE amplified in the (i-1)-th segment) is 
amplified (forming ASE at the output of the i-th segment) and summed with SE generated 
in the i-th segment. Thus, at the output, the ASE is represented by a single number (for each 
spectral component). Here, we divide the fiber in the same manner as described above. 
However, we have to prevent summing of SE that was generated at different positions along 
the LPG: the SE generated at the beginning of the fiber undergoes diffraction along the 
entire length of the LPG, SE generated in its middle is diffracted at one half of the LPG, 
while the SE generated at its end is not diffracted at all. Thus, we take SE generated in the 
first segment and subsequently amplify it and diffract along the full length of the LPG. We 
continue similarly with the SE generated in the 2nd, 3rd … nth segments. As a result, we have 
n contributions of the SE+ASE at the output (each coming from SE generated in the i-th 
segment, i=1,2..n and subsequently amplified in the n-i segments) at the output. These 
contributions are incoherent (as each of them contains photons generated by SE) and thus 
can be summed in power intensity at the output, representing the ASE total power (for each 
spectral component). This approach is graphically shown in Fig. 3.  

In practice, we generate SE and propagate ASE within each segment according to the 
equation: 

 2 ( ) ( ) ,ASE
e e a ASE

dP
h g g g P

dz
 


      (21) 

where ∆ν is the frequency slot. At the end of the segment the resulting ASE gets diffracted 
and new SE starts to arise at the beginning of the next segment.  

Finally, we implemented also analysis for the contra-directional pumping configuration. In 
this scheme, the pump and the signal are propagated in opposite directions. For this 
configuration, the simulated data were obtained iteratively [4]. 

An example of the results using the theoretical analysis (populations of the meta-stable 
levels N2 and ground levels N1 of the EDF together with the pump power) is shown in Fig. 4. 
Here, we used parameters of the EDF later used in experiments – it is Liekki Er80-8/125 – 
more details can be found in Section 3. 

Detailed analysis presented in [4] Fig. 5) reveals that optimal pumping scheme has to be 
chosen according to a specific application. Backward pumping is better when we want to 
limit the nonlinearities caused by an excessive power at the beginning of the fiber. On the 
other hand forward pumping shows better results for ASE suppression. For parameters 
considered, the LPG was always pumped relatively uniformly along its length. Therefore 
the transmission at the resonance wavelength is expected to be limited by the ASE formation 
rather than the non-uniform LPG strength that would be due to non-uniform pumping 
along the grating.  
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Figure 4. N1 and N2 populations (left) and pump power (right) along 40-cm long EDF sample with a 5-
cm long LPG inscribed [position shown in the graphs] for total pump power of 60 mW and the input 
signal power of 100 µW. 

3. Choice of EDF and fabrication techniques 
Most of commercially-available EDFs have relatively high numerical aperture (0.2-0.4), 
which helps in obtaining good performance of these fibers. This, however, requires LPGs 
with sub-100-µm period, as the effective refractive index of the core mode is significantly 
higher than in low-numerical aperture fibers (e.g., telecom SMF-28 with numerical aperture 
of 0.12). Unfortunately, this is prohibitive for CO2 [14] and arc [15] LPG inscription 
techniques – both of them operate on a principle of a local heating of the fiber and it is 
difficult to heat a fiber with 125 µm diameter over length significantly shorter than that. The 
techniques suitable are UV-writing [16] and fs-laser writing [17]. However high-gain EDF 
are doped with Al or P rather than Ge that is normally responsible for high UV 
photosensitivity. Thus, fs writing [17] seems as the most suitable method. However, to the 
best of our knowledge, this technique has not been used yet to fabricate LPG in EDFs; e.g., 
in [17], fs-writing was used for fiber Bragg grating fabrication. 

In order to observe effects described in our theoretical analysis, e.g., tuning of the mode 
coupling interaction strength, it is necessary to provide enough gain across the LPG length 
that is typically 3-20 cm long. Practically, values of at least several dB per the LPG length are 
required, which is somehow more than in most commercially-available EDFs.  

Fortunately, there are commercially available fibers that have low numerical aperture 
allowing use of relatively low cost techniques such as CO2 and arc that do not require UV-
photosensitivity and have high gain per unit length (tens of dB per meter). An example is 
Er80-8/125 from Liekki, Finland, that has 1532 nm peak absorption of 80 dB/m and 
numerical aperture of 0.13. 

4. Experimental analysis 

In this subsection we show first how gain alters the transmission characteristics of an LPG in 
line with predictions made in Section 2.2. Following that, we compare experimental results 
and those obtained using the rigorous theoretical simulations discussed in Section 2.3. 
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ASE is seeded along the entire EDF length by spontaneous emission (SE) and subsequently 
amplified. In a standard EDF analysis, the fiber is divided into n segments first, the 
considered spectral bandwidth is divided into slots and each spectral component is 
propagated separately. Subsequently, the noise present at the input of the i-th segment, i=1, 
2,..n (SE generated in the (i-1)-th segment and ASE amplified in the (i-1)-th segment) is 
amplified (forming ASE at the output of the i-th segment) and summed with SE generated 
in the i-th segment. Thus, at the output, the ASE is represented by a single number (for each 
spectral component). Here, we divide the fiber in the same manner as described above. 
However, we have to prevent summing of SE that was generated at different positions along 
the LPG: the SE generated at the beginning of the fiber undergoes diffraction along the 
entire length of the LPG, SE generated in its middle is diffracted at one half of the LPG, 
while the SE generated at its end is not diffracted at all. Thus, we take SE generated in the 
first segment and subsequently amplify it and diffract along the full length of the LPG. We 
continue similarly with the SE generated in the 2nd, 3rd … nth segments. As a result, we have 
n contributions of the SE+ASE at the output (each coming from SE generated in the i-th 
segment, i=1,2..n and subsequently amplified in the n-i segments) at the output. These 
contributions are incoherent (as each of them contains photons generated by SE) and thus 
can be summed in power intensity at the output, representing the ASE total power (for each 
spectral component). This approach is graphically shown in Fig. 3.  

In practice, we generate SE and propagate ASE within each segment according to the 
equation: 

 2 ( ) ( ) ,ASE
e e a ASE

dP
h g g g P

dz
 


      (21) 

where ∆ν is the frequency slot. At the end of the segment the resulting ASE gets diffracted 
and new SE starts to arise at the beginning of the next segment.  

Finally, we implemented also analysis for the contra-directional pumping configuration. In 
this scheme, the pump and the signal are propagated in opposite directions. For this 
configuration, the simulated data were obtained iteratively [4]. 

An example of the results using the theoretical analysis (populations of the meta-stable 
levels N2 and ground levels N1 of the EDF together with the pump power) is shown in Fig. 4. 
Here, we used parameters of the EDF later used in experiments – it is Liekki Er80-8/125 – 
more details can be found in Section 3. 

Detailed analysis presented in [4] Fig. 5) reveals that optimal pumping scheme has to be 
chosen according to a specific application. Backward pumping is better when we want to 
limit the nonlinearities caused by an excessive power at the beginning of the fiber. On the 
other hand forward pumping shows better results for ASE suppression. For parameters 
considered, the LPG was always pumped relatively uniformly along its length. Therefore 
the transmission at the resonance wavelength is expected to be limited by the ASE formation 
rather than the non-uniform LPG strength that would be due to non-uniform pumping 
along the grating.  
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Figure 4. N1 and N2 populations (left) and pump power (right) along 40-cm long EDF sample with a 5-
cm long LPG inscribed [position shown in the graphs] for total pump power of 60 mW and the input 
signal power of 100 µW. 
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difficult to heat a fiber with 125 µm diameter over length significantly shorter than that. The 
techniques suitable are UV-writing [16] and fs-laser writing [17]. However high-gain EDF 
are doped with Al or P rather than Ge that is normally responsible for high UV 
photosensitivity. Thus, fs writing [17] seems as the most suitable method. However, to the 
best of our knowledge, this technique has not been used yet to fabricate LPG in EDFs; e.g., 
in [17], fs-writing was used for fiber Bragg grating fabrication. 

In order to observe effects described in our theoretical analysis, e.g., tuning of the mode 
coupling interaction strength, it is necessary to provide enough gain across the LPG length 
that is typically 3-20 cm long. Practically, values of at least several dB per the LPG length are 
required, which is somehow more than in most commercially-available EDFs.  

Fortunately, there are commercially available fibers that have low numerical aperture 
allowing use of relatively low cost techniques such as CO2 and arc that do not require UV-
photosensitivity and have high gain per unit length (tens of dB per meter). An example is 
Er80-8/125 from Liekki, Finland, that has 1532 nm peak absorption of 80 dB/m and 
numerical aperture of 0.13. 

4. Experimental analysis 

In this subsection we show first how gain alters the transmission characteristics of an LPG in 
line with predictions made in Section 2.2. Following that, we compare experimental results 
and those obtained using the rigorous theoretical simulations discussed in Section 2.3. 
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4.1. Tuning of an LPG via optical gain control 

This feature was demonstrated in [18] in which a 13.5 cm long LPG of 480 µm period was 
inscribed into a 15-cm piece of EDF (Er80-8/125 from Liekki, Finland). Fig. 5 shows obtained 
results for an LPG with kL=0.52π. The theoretical predictions with the gain factor being ‘fitted’ 
to get good agreement with the experiment are also shown in Fig. 5. As we see, by controlling 
the gain we can obtain full coupling (at the pump power of 32 mW), although the grating has 
strength of kL=0.52π, exactly as predicted in the theoretical analysis shown above. It is worth 
mentioning that as the pump current is increased from 0 mW to 32 mW, the off-resonance 
transmission is increased while the resonance transmission decreases. Indeed, this effect 
cannot be observed by simply cascading a passive LPG with an EDF-based amplifier. 

 
Figure 5. Measured (a) and calculated (b) transmission of LPG at kL=0.52π for input signal of 0.5 mW 
and different pump power levels (0 mW magenta, 8 mW blue, 17 mW green, 32 mW red, 145 mW 
orange, 220 mW black). 

In practice, LPG-induced dip depth was varied from 7 dB (under-critical coupling) to the 
maximum of -28 dB (critical coupling) back to -18 dB (over-critical coupling) by varying the 
pump power between 0 and 220 mW.  

4.2. LPG performance due to ASE and an EDF: comparison with rigorous 
analysis 

Here we show experimental results considering an EDF theoretically modeled in the Section 
2.3. Our LPG structure is shown in Fig. 6. The chosen LPG period of 480 µm corresponds to 
coupling into the 7th cladding mode.  
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Figure 6. Experimental setup. OSA is optical spectrum analyzer; OVA is optical vector analyzer. 
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The theoretical and experimental results are shown in Fig. 7. For the critical coupling, there 
is about -33 dB of signal measured at the resonance in the core mode at the output, which is 
in a reasonable agreement with the theory that predicts -36 dB, Fig. 7b. These values are, 
however, significantly higher that those measured in a passive LPG, where <-60 dB was 
observed [14].  

 

 
 

Figure 7. Left: experimental (solid) and theoretically computed (dashed) transmissions for various 
pump powers. Right: dependence of the maximum attainable resonant dip on the pump power 
(measured: dots; predicted: line) 
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Figure 8. Phase characteristics of the fabricated LPG measured with optical vector analyzer (OVA, Fig. 
6) for various pump powers.  
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the gain we can obtain full coupling (at the pump power of 32 mW), although the grating has 
strength of kL=0.52π, exactly as predicted in the theoretical analysis shown above. It is worth 
mentioning that as the pump current is increased from 0 mW to 32 mW, the off-resonance 
transmission is increased while the resonance transmission decreases. Indeed, this effect 
cannot be observed by simply cascading a passive LPG with an EDF-based amplifier. 
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The theoretical and experimental results are shown in Fig. 7. For the critical coupling, there 
is about -33 dB of signal measured at the resonance in the core mode at the output, which is 
in a reasonable agreement with the theory that predicts -36 dB, Fig. 7b. These values are, 
however, significantly higher that those measured in a passive LPG, where <-60 dB was 
observed [14].  
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pump powers. Right: dependence of the maximum attainable resonant dip on the pump power 
(measured: dots; predicted: line) 
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6) for various pump powers.  
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the phase of the transmitted light around the resonant wavelength, Fig. 8. Theory predicts 
that full coupling should be manifested itself as a π phase jump across the resonance. As 
seen in Fig. 8, a π phase-shift was observed confirming the grating is operated at the critical 
coupling condition in which all the light from the fiber core mode is out-coupled. This 
confirms that the residual light in the core mode at the resonance wavelength (which is close 
to -33 dB, Fig. 7) has to be due to ASE rather than due to limited coupling ability of the LPG.  

5. Applications 

Several applications of LPGs in active fibers have been proposed. LPG directly-written into 
an EDF was suggested to perform flattening of the uneven EDF gain [1]. Tuning of the 
transmission characteristics of an LPG via optical pumping, which has been discussed in 
detail above, was reported in several reports (e.g.,[18-20]). This may be of interest in many 
applications, including all-optical signal processing, where besides active control of the 
grating parameters, it is advantageous to simultaneously filter and compensate for the loss 
that is due to the filtering process. We discuss in detail an example of an all-optical signal 
processing (all-optical differentiator) [20] later. Other applications are in fiber lasers, taking 
advantage of the fact that cladding modes have special dispersion properties that are 
suitable for controlling dispersion in mode-locked fiber lasers and also have large modal 
areas that can be exploited in high-power fiber lasers and amplifiers [21]. Another 
application is in using higher order modes for high-power optical amplification. In [16], the 
pump and the signal were simultaneously converted into a higher-order mode (a cladding 
mode of an inner-cladding of a dual-cladding fiber) – the LPGs for mode conversion were 
written in the EDF, which was doped with active ions simultaneously in the core and in the 
cladding.  

5.1. All optical differentiation 

Differentiation of the Nth order is mathematically described as ∂nu(t)/∂tn, where u(t) is the  
complex envelope of an arbitrary input signal spectrally centered at ω0. The corresponding 
Fourier spectrum can be expressed as (-j(ω-ω0))NU(ω), where U(ω) is the spectrum of the 
input signal u(t), ω is the optical frequency (ω-ω0 is then the baseband). Therefore N-th order 
differentiation in optical domain can be obtained using a linear optical filter with a 
spectral transfer function proportional to (-j(ω-ω0))N. Unfortunately, such filter has zero 
transmission at the signal carrier ω0, resulting in poor energetic efficiency (EE) defined as 
the ratio of the signal power after and before the differentiator. In practice, it was found 
that EE is <5% for an LPG-based differentiator [22]. This was confirmed by later 
experiments, in which some applications of this device for all-optical signal processing 
[23] were suggested. High order differentiation can be also realized using LPGs [24] by 
introducing π phase-shifts along the LPG. However, EE is getting worse as the order of 
the differentiation increases [24]. Obviously, LPG written in an active fiber could be very 
helpful in overcoming this issue.  
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Let us discuss advantages of LPGs directly written into active fibers on an example of 
optical differentiators. The use of a passive grating in conjunction with an amplifier at its 
output could lead to high levels of generated ASE inside the amplifier due to low EE of the 
differentiation process. In the case of pre-amplification of the signal prior to differentiation, 
emerging nonlinearities may severely impair the output signal. E.g., for pulses with FWHM 
< 1 ps, nonlinearities could be observed even for modest average powers. Ideal setup is thus 
a configuration where we perform amplification and filtration simultaneously which is the 
case of LPGs in active optical fibers. Indeed, the additional flexibility by tuning the LPG via 
controlling pump power should be also considered. 

In general, the LPG structure in an active fiber is formed by a preamplifier (active fiber 
before the LPG), the active grating (LPG) and a post amplifier (active fiber after the LPG). 
Thus it is necessary to find optimal position of the grating within the active fiber to avoid 
the undesirable phenomena – low signal buried in the noise on one side and emerging 
nonlinearities on the other. In the process of designing it is necessary to take into account: 
total length of EDF, position of the grating within the EDF and input signal power. The total 
length of EDF influences the resulting gain of the output signal. Next two parameters 
(position of LPG and input signal power) are to be considered in combination for 
minimizing the ASE and avoid nonlinearities.  

For theoretical analysis [4] we have chosen LPG sample with the following parameters [20]: 
coupling into the seventh cladding mode (the required grating period Λ=470 µm to obtain 
maximum coupling at 1540 nm); LPG length of 8 cm, which corresponds to the available 
bandwidth for differentiation to 500 GHz; input signal is Gaussian with FWHM=1.6 ps; 
length of EDF S=55 cm and pumping at 976 nm with power of 200 mW. In the simulation 
two levels of signal power were used – low (100 µW) and high (1 mW), because studied 
characteristics significantly differ for different levels of signal. 

Energetic efficiency as a function of LPG position within EDF for two levels of signal power 
is shown in Fig. 9a.  

 

 
Figure 9. (a) Energetic efficiency for two levels of input signal power, (b) noise characteristics for EDF 
with embedded passive or active LPG. 
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the phase of the transmitted light around the resonant wavelength, Fig. 8. Theory predicts 
that full coupling should be manifested itself as a π phase jump across the resonance. As 
seen in Fig. 8, a π phase-shift was observed confirming the grating is operated at the critical 
coupling condition in which all the light from the fiber core mode is out-coupled. This 
confirms that the residual light in the core mode at the resonance wavelength (which is close 
to -33 dB, Fig. 7) has to be due to ASE rather than due to limited coupling ability of the LPG.  

5. Applications 

Several applications of LPGs in active fibers have been proposed. LPG directly-written into 
an EDF was suggested to perform flattening of the uneven EDF gain [1]. Tuning of the 
transmission characteristics of an LPG via optical pumping, which has been discussed in 
detail above, was reported in several reports (e.g.,[18-20]). This may be of interest in many 
applications, including all-optical signal processing, where besides active control of the 
grating parameters, it is advantageous to simultaneously filter and compensate for the loss 
that is due to the filtering process. We discuss in detail an example of an all-optical signal 
processing (all-optical differentiator) [20] later. Other applications are in fiber lasers, taking 
advantage of the fact that cladding modes have special dispersion properties that are 
suitable for controlling dispersion in mode-locked fiber lasers and also have large modal 
areas that can be exploited in high-power fiber lasers and amplifiers [21]. Another 
application is in using higher order modes for high-power optical amplification. In [16], the 
pump and the signal were simultaneously converted into a higher-order mode (a cladding 
mode of an inner-cladding of a dual-cladding fiber) – the LPGs for mode conversion were 
written in the EDF, which was doped with active ions simultaneously in the core and in the 
cladding.  

5.1. All optical differentiation 

Differentiation of the Nth order is mathematically described as ∂nu(t)/∂tn, where u(t) is the  
complex envelope of an arbitrary input signal spectrally centered at ω0. The corresponding 
Fourier spectrum can be expressed as (-j(ω-ω0))NU(ω), where U(ω) is the spectrum of the 
input signal u(t), ω is the optical frequency (ω-ω0 is then the baseband). Therefore N-th order 
differentiation in optical domain can be obtained using a linear optical filter with a 
spectral transfer function proportional to (-j(ω-ω0))N. Unfortunately, such filter has zero 
transmission at the signal carrier ω0, resulting in poor energetic efficiency (EE) defined as 
the ratio of the signal power after and before the differentiator. In practice, it was found 
that EE is <5% for an LPG-based differentiator [22]. This was confirmed by later 
experiments, in which some applications of this device for all-optical signal processing 
[23] were suggested. High order differentiation can be also realized using LPGs [24] by 
introducing π phase-shifts along the LPG. However, EE is getting worse as the order of 
the differentiation increases [24]. Obviously, LPG written in an active fiber could be very 
helpful in overcoming this issue.  
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Let us discuss advantages of LPGs directly written into active fibers on an example of 
optical differentiators. The use of a passive grating in conjunction with an amplifier at its 
output could lead to high levels of generated ASE inside the amplifier due to low EE of the 
differentiation process. In the case of pre-amplification of the signal prior to differentiation, 
emerging nonlinearities may severely impair the output signal. E.g., for pulses with FWHM 
< 1 ps, nonlinearities could be observed even for modest average powers. Ideal setup is thus 
a configuration where we perform amplification and filtration simultaneously which is the 
case of LPGs in active optical fibers. Indeed, the additional flexibility by tuning the LPG via 
controlling pump power should be also considered. 

In general, the LPG structure in an active fiber is formed by a preamplifier (active fiber 
before the LPG), the active grating (LPG) and a post amplifier (active fiber after the LPG). 
Thus it is necessary to find optimal position of the grating within the active fiber to avoid 
the undesirable phenomena – low signal buried in the noise on one side and emerging 
nonlinearities on the other. In the process of designing it is necessary to take into account: 
total length of EDF, position of the grating within the EDF and input signal power. The total 
length of EDF influences the resulting gain of the output signal. Next two parameters 
(position of LPG and input signal power) are to be considered in combination for 
minimizing the ASE and avoid nonlinearities.  

For theoretical analysis [4] we have chosen LPG sample with the following parameters [20]: 
coupling into the seventh cladding mode (the required grating period Λ=470 µm to obtain 
maximum coupling at 1540 nm); LPG length of 8 cm, which corresponds to the available 
bandwidth for differentiation to 500 GHz; input signal is Gaussian with FWHM=1.6 ps; 
length of EDF S=55 cm and pumping at 976 nm with power of 200 mW. In the simulation 
two levels of signal power were used – low (100 µW) and high (1 mW), because studied 
characteristics significantly differ for different levels of signal. 

Energetic efficiency as a function of LPG position within EDF for two levels of signal power 
is shown in Fig. 9a.  

 

 
Figure 9. (a) Energetic efficiency for two levels of input signal power, (b) noise characteristics for EDF 
with embedded passive or active LPG. 
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For relatively low input powers the EE is practically independent from position of the 
grating along the fiber. For higher signal powers the dependence on the position of LPG is 
clearly visible (when the grating is at the beginning or end of the fiber, EE reaches 400%and 
120%, respectively). The higher EE for the grating at the beginning of EDF is compensated 
by worse noise characteristics as shown on Fig. 9b.  

For low input power (100 µW) the ratio of ASE to the total energy (ASE+signal) at the 
resonance drops from -12 dB (for LPG at the beginning of EDF) to -31 dB (for LPG at the end 
of EDF). For higher input signal power the ASE suppression is better ranging from -31 dB 
(LPG at the beginning of the EDF) to -44 dB (LPG at the end of the EDF). Thus, an LPG 
placed at the end of EDF gets the lowest ASE, while unfortunately also having the lowest 
EE. This trade-off between ASE suppression and EE has to be considered depending on the 
requirements of a particular application.  

It is interesting to compare the studied design (LPG within EDF) with a design in which a 
passive LPG (written in a passive fiber) would be combined directly with an pre- and post-
amplifier. We consider preamplifier of length B, passive LPG with the same length of 8 cm 
and post-amplifier with length S-B in order to get the same amplification at the end of the 
structure. The input signal power is the same for both cases (passive and active LPG). 
Comparison, Fig. 9b, shows that the passive model has – in contrast to the active model – 
2 to 4 dB worse noise characteristics. 

 

 
 
Figure 10. Power evolution for four different relative positions of the LPG along the EDF (black, red 
green and blue lines) for (a) 100 µW and (b) 1 mW input power. The performance considering a passive-
fiber based LPG is shown as dashed lines. 
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the same length of EDF there are positions within the fiber with increased level of power 
and hence possible nonlinearities. Similarly we can observe such increased levels also for 
input signal power of 1 mW (Fig. 10b), although they are not as significant as in case of the 
weak input power. From Fig. 10 one can see that for preserving the same level of intensity 
along the fiber it is advantageous to place the LPG close to the middle or in the first quarter 
of the EDF for relatively low (100 µW) and high (1 mW) input signal power levels, 
respectively.  

Experimental realization of a differentiator in an active LPG was reported in (Krcmarik et 
al., 2009). The differentiator was optimized for bandwidth of 1 THz (LPG length of 3.9 cm) 
and relative high input power levels (LPG within the first quarter of the EDF). The entire 
EDF length was 35 cm to obtain EE in excess of 100% (so-called ‘loss-less differentiation’). 
Experimental results obtained using 0.9-ps FWHM pulses of 2 mW average power are 
shown in Fig. 11. For comparison, performance of an ideal differentiator is also shown 
there. 

EE of 151% was measured. However, when the input signal was launched from the opposite 
side of the fiber, the EE dropped to 72%, exactly in line with the theoretical predictions 
discussed earlier. The processed pulse demonstrates very close fit to the theoretically 
predicted waveform. A sharp π-phase jump in the LPG transmission necessary for accurate 
differentiation was also observed.  

 
Figure 11. (a) Experimental and theoretical performance in time domain [20] measured phase 
characteristics [25] are also shown, (b) transmittance of the LPG in the vicinity of the resonance 
wavelength and input pulse spectrum showing that it fits entirely into the spectral region where the 
LPG transmittance follows the theoretically required shape.  

For evaluation of the error between the ideal and the measured waveform we used square 
quadratic deviation formula [26]. For forward direction the error was 2.4% (Fig. 11) and for 
the reversed direction the error was 2.9%.  

Realizing ‘loss-less’ higher-order differentiators, as well as characterizing experimentally the 
sensitivity to non-linearities are subject to further research. 
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For relatively low input powers the EE is practically independent from position of the 
grating along the fiber. For higher signal powers the dependence on the position of LPG is 
clearly visible (when the grating is at the beginning or end of the fiber, EE reaches 400%and 
120%, respectively). The higher EE for the grating at the beginning of EDF is compensated 
by worse noise characteristics as shown on Fig. 9b.  

For low input power (100 µW) the ratio of ASE to the total energy (ASE+signal) at the 
resonance drops from -12 dB (for LPG at the beginning of EDF) to -31 dB (for LPG at the end 
of EDF). For higher input signal power the ASE suppression is better ranging from -31 dB 
(LPG at the beginning of the EDF) to -44 dB (LPG at the end of the EDF). Thus, an LPG 
placed at the end of EDF gets the lowest ASE, while unfortunately also having the lowest 
EE. This trade-off between ASE suppression and EE has to be considered depending on the 
requirements of a particular application.  

It is interesting to compare the studied design (LPG within EDF) with a design in which a 
passive LPG (written in a passive fiber) would be combined directly with an pre- and post-
amplifier. We consider preamplifier of length B, passive LPG with the same length of 8 cm 
and post-amplifier with length S-B in order to get the same amplification at the end of the 
structure. The input signal power is the same for both cases (passive and active LPG). 
Comparison, Fig. 9b, shows that the passive model has – in contrast to the active model – 
2 to 4 dB worse noise characteristics. 
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the same length of EDF there are positions within the fiber with increased level of power 
and hence possible nonlinearities. Similarly we can observe such increased levels also for 
input signal power of 1 mW (Fig. 10b), although they are not as significant as in case of the 
weak input power. From Fig. 10 one can see that for preserving the same level of intensity 
along the fiber it is advantageous to place the LPG close to the middle or in the first quarter 
of the EDF for relatively low (100 µW) and high (1 mW) input signal power levels, 
respectively.  

Experimental realization of a differentiator in an active LPG was reported in (Krcmarik et 
al., 2009). The differentiator was optimized for bandwidth of 1 THz (LPG length of 3.9 cm) 
and relative high input power levels (LPG within the first quarter of the EDF). The entire 
EDF length was 35 cm to obtain EE in excess of 100% (so-called ‘loss-less differentiation’). 
Experimental results obtained using 0.9-ps FWHM pulses of 2 mW average power are 
shown in Fig. 11. For comparison, performance of an ideal differentiator is also shown 
there. 

EE of 151% was measured. However, when the input signal was launched from the opposite 
side of the fiber, the EE dropped to 72%, exactly in line with the theoretical predictions 
discussed earlier. The processed pulse demonstrates very close fit to the theoretically 
predicted waveform. A sharp π-phase jump in the LPG transmission necessary for accurate 
differentiation was also observed.  

 
Figure 11. (a) Experimental and theoretical performance in time domain [20] measured phase 
characteristics [25] are also shown, (b) transmittance of the LPG in the vicinity of the resonance 
wavelength and input pulse spectrum showing that it fits entirely into the spectral region where the 
LPG transmittance follows the theoretically required shape.  
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6. Conclusions 

Simultaneous diffraction and gain brings many interesting new features that are still waiting 
to be exploited. This chapter gives a brief overview over the state-of-the art and summarizes 
the key properties of long period gratings made in active optical fibers.  
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1. Introduction 

A wide variety of optical fiber sensors are available and can be divided into three categories: 
the external or extrinsic ones (Beard P. C. et al., 1996) where the fiber is only used to drive 
the measured information to and from the transducer at a distant location, the intrinsic 
category (Boerkamp M. et al., 2007) where the optical properties are sensitive to an external 
stimulus (Grattan S. K. T. et al., 2009; Gu X. et al., 2006), and the hybrid category where the 
light is transferred over the optical fiber for conversion into electricity on a distant optical 
receiver (Yao S.-K. et al., 2003). 

From the previously mentioned categories, the intrinsic sensors, where FBGs are included, 
have been studied and applied intensively during the past 20 years (Lee B., 2003). The Bragg 
grating structure is the intrinsic element to the fiber responsible for the sensor behavior. The 
gratings can be inscribed by ultraviolet (UV) light beams, taking advantage of the optical 
fiber photosensitivity (doped with germanium) to this radiation. In addition to the standard 
advantages attributed to the optical fiber sensors, FBGs have an inherent self-referencing 
and multiplexing capability. Essentially, the FBG is a periodic variation of the refraction 
index along the fiber axis. As illustrated in the Figure 1, this structure works as a reject-band 
filter, reflecting back the spectral component, λB [nm], which satisfies the Bragg condition 
(given by equation (1)) and transmitting the remaining components. The Bragg wavelength 
is given by (Hill K. O. et al., 1997): 

 2B effn    (1) 

where Λ [nm] is the grating pitch and neff is the effective refraction index of the fiber core. 
The wavelength shift, ΔλB [nm], of a FBG sensor subject to a physical disturbance is given by 
(Wei C.-L. et al., 2010 ): 
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where ρe, Δε, α, ξ, and ΔT are the effective photoelastic constant, the axial strain, the thermal 
expansion, the thermal optic coefficient and the temperature shifts, respectively. The ratio in 
the first term of equation (2) expresses the strain effect on an optical fiber. It corresponds to a 
change in the grating spacing and the strain-optic induced change in the refractive index. The 
temperature sensing is mainly related with the second term of the expression. As the FBG is 
subjected to temperature variation, it dilates or contracts, modifying the grating pitch. 

 
Figure 1. Illustration of working principle of FBGs. 

One main advantage of this system is the measurements made on the wavelength instead of 
optical power. This enables a system that is not sensitive to external factors as fluctuations of 
the optical source. The stability is also extended to the bond between the polymer matrix 
and the optical fiber in which it is wrapped. Therefore, these features make the FBGs 
suitable sensing elements for doing physical measurements, where a kind of displacement is 
available. Examples of such applications found in the literature include the measurements of 
strain (Grattan S. K. T. et al., 2009; Ling H. Y. et al., 2006), pressure (Peng B. J. et al., 2005; 
Zhang W. et al., 2009), force (Rajan G. et al., 2010; Zhao Y. et al., 2005), tilt rotation by an angle 
(Peng B. J. et al., 2006; Xie F. et al., 2009), acceleration (Antunes P. et al., 2011; Fender A. et al., 
2008), temperature (Bao H. et al., 2010; Gu X. et al., 2006), humidity (Arregui F. J. et al., 2002; 
Yeo T. L. et al., 2005), magnetic fields (Orr P. et al., 2010), cardiorespiratory function (Silva A. F. 
et al., 2011a), hand posture analysis (Silva A. F. et al., 2011b), gait function analysis (Rocha R. P. 
et al., 2011) and integration on wearable garments (Carmo J. P. et al., 2012). 

This chapter focuses on biomedical applications of FBGs embedded into flexible carriers for 
enhancing the sensitivity and protection to the optical fiber, and to provide interference-free 
instrumentation. The same FBG system was used in all experiments presented in this 
chapter. In terms of construction, this FBG system is composed by a sensing and a 
monitoring module. Figure 2 shows photographs of the light source and the hardware used 
in the interrogation system for monitoring the received light which is then seen on a 
computer screen. The Fiber-Bragg Grating used in these experiments was produced by the 
FiberSensing company (FiberSensing, 2012). The grating is 8 mm long with a resonance 
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wavelength in the 1550 nm range, which corresponds to a refraction index modulation 
period of the core in the half-micrometer range. The interrogation monitor (I-MON 80D 
from Ibsen Photonics company (Ibsen, 2012) allows real-time spectrum monitoring of FBG 
sensors interrogation systems. Along with the interrogation monitor, software is supplied 
by the manufacturer that permits real-time visualization of the waveforms while the sensor 
is being actuated. This system has a resolution of 10 pm. 

 
(a) 

 
(b) 

Figure 2. Proposed system's non-sensing parts composed by (a) broadband light source (Denselight, 
2012) and in (b) the optical circulator (Oplink, 2012) and interrogation monitor hardware (Ibsen, 2012). 

A carrier material made of polychloroethanediyl (polyvinyl chloride, or simply PVC) was 
used in the FBG embedment for increasing their sensitivity to strains and at the same time to 
improve the adhesion to the surface under measurement (Silva A. F. et al., 2012). The PVC 
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material was selected as FBG carrier due to its excellent performance/cost ratio and easy 
handling during the manufacturing process. Moreover, the PVC presents many other 
advantages when compared with its direct competitors (e.g., either the polyurethane or the 
polyolefin) such as low production cost, making this material highly competitive. On the 
practical side, it offers high resistance to aging, high versatility and simplicity of maintenance 
(Silva A. F. et al., 2012). The cross-sections of the Figure 3 show the configuration of the layers 
within the carrier (few photographs was taken under different directions and illuminations for 
better illustrating the FBGs and layers that constitute the carrier). 

 
Figure 3. Few photographs showing views with the cross-section of the three layers that constitutes the 
carrier. The supported FBGs are also showed. 

2. Knee’s kinematic monitoring 

2.1. Introduction 

In this section of the chapter is presented a sensing electronic-free wearable solution for 
monitoring the knee-referenced gait process as a biomedical application example using Fiber 
Bragg Grating (FBGs) sensors. This sensing system is based on a single optical FBG, with a 
resonance wavelength of 1547.76 nm, which shifts to lower or higher wavelengths when 
subjected to strain variations, with a resolution of 10 pm. The measuring of the knee 
movements, flexion and extension with the corresponding joint acting as the rotation axis, is 
shown for a healthy individual. The optical fiber with the FBG is placed inside a polymeric foil 
(composed by three flexible layers), attached to an elastic knee band, which facilitates its 
placement in the knee (centered in the patella) while maintaining full sensing capabilities. 
Although the knee is used here as the example, the way the device is placed on the specific 
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body part to be measured enables the clear detection of the movements in respect to the 
corresponding joint. The proposed prototype was evaluated under different condition tests 
and also to assess its consistency and flexibility of use. The designed sensor demonstrates 
advantages in biomedical fields such as physical therapy and athletic assessment applications 
because of the system’s resolution and easiness of applying it onto the body part under 
investigation. Another advantage is the possibility to measure, record and evaluate specific 
mechanical parameters of the limbs’ motion. Patients with bone, muscular and joint related 
health conditions, as well as athletes, are within the most important end-user applications. 
Moreover, this system can be used simultaneously with, for example, inertial and magnetic 
sensors enabling the correlation between the measured wavelengths with angular degrees. 

During the past years, body kinematics monitoring in human beings is a growing area 
within the field of engineering applied to medicine. Universities, high-performance sport 
centers and health-care institutions have been developing ways to accurately measure and 
evaluate the way the human body moves for endless purposes. The main objectives for such 
attention in measuring and evaluating the human body kinematics are improvements of 
athletic performance (Anderson D. et al., 1994; Yamamoto Y., 2004; von Porat A. et al., 2007) 
in competitions and historic evaluation studies of patients to determine if the prescribed 
therapy is being efficient and evaluating the rehabilitation of patients (Yang X. J. et al., 2012; 
Vancampfort D. Et al., 2012; Cup E. H. et al., 2007; Kun L. et al., 2011) based on the 
information provided by measuring the limbs’ movements. Several systems for body 
kinematics monitoring have been realized using different approaches such as complex 
electronic systems including a 2.4 GHz radio-frequency (RF) transceiver (Afonso J. A. et al., 
2010), motion capture techniques (Ren L. et al., 2008; Parker T. M. et al., 2008) and advanced 
software algorithms that demand profound specific know-how and are also very complex 
(Moustakidis S.P. et al., 2010; Wu Y. et al., 2011). Other applications for limb posture 
monitoring include the assessment of certain neurologic and orthopedic diseases (Yavuzer 
G. et al., 2008; Mavrogiorgoua P. et al., 2001; Turcot K. et al., 2008). A gait monitoring system 
based on optical fiber, complemented with a motion capture system, has already been 
proposed but, when compared to the solution presented in this paper, it shows several 
differences including: use of a plastic optical fiber (POF), calibration procedure required and 
measurement based on the transmitted optical power when the POF is bent (Bilro L. et al., 
2011). Therefore, the importance of measuring (Godfrey A. et al., 2008) and characterizing 
the limbs’ kinematics is quintessential in diagnosing physical and mental disorders, 
originated by trauma, stroke or disease, and determining the appropriate treatment and 
therapy. The data can be saved (using the setup showed in the Figure 2) for further analysis 
and study which enables comparisons between results to be made along the time. Moreover, 
the proposed system was designed to obtain maneuverability making it compatible with 
free range body kinematics movements. 

2.2. Approach 

The gait cycle can be defined as the sum of the two components that compose a full step, e.g. 
the stance and the swing phases. The stance and swings phases comprehend the periods 
when the foot is touching the ground and advancing in the air permitting the progression of  
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Figure 4. In (a), the elastic knee with the pressure buttons signaled with green ellipses. In (b), the 
sensing part attached to a standard elastic knee band and in (c), a close-up just of the PVC foil with the 
embedded FBG signaled with a red circle and the pressure buttons with green ellipses. 
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the body, respectively. The knee kinematics is represented by two stages: flexion and 
extension. The objective is to represent graphically, as a function of the measured 
wavelength, the full human gait period, centered on the knee joint using just one FBG and a 
single mode optical fiber. This section focus on the validation of the proposed concept by 
measuring the knee’s kinematics, the single fiber and single FBG sensor, placed in the center 
of the knee (patella), are enough to measure and evaluate the subject’s evolution. In order to 
make this possible, a high-sensitivity sensor is necessary to detect the full movement from 
one extreme (when the leg is completely straight) to the other (maximum knee deflection 
during gait) and all movements that happen in-between, i.e., stance and swing phases. The 
sensing part is based on a flexible structure that can be placed/removed on/from the knee 
very easily. This is done by using small pressure buttons as attaching elements. The Figure 4 
shows in more detail the small metallic pressure buttons that attach the different 
components of the sensing system, the elastic knee band already placed and the foil with the 
embedded FBG. This type of elastic knee band is regularly used in prevention/precaution 
situations in people with a temporary or permanent muscular injury enabling the use of the 
flexible structure by any person and in any junction in the body. The pressure buttons 
ensure that the sensing element is able to sense the flexion and extension of the knee as the 
subject moves around. Since optical fibers are immune to electromagnetic interference (EMI) 
and can be used safely in wet environments or even under water, the proposed solution 
increases the number of possible applications for this technology. 

2.3. Flexible sensing structure 

The accurate measurement of the knee joint movement is possible if the dynamic range of 
the sensor is increased. This can be accomplished by proper selection of the substrate 
material that can conform correctly to the actual movement. Therefore, a structure with 
enough area to cover the knee enables the transference of the movements to the embedded 
sensor. A wide rectangular configuration was chosen to cover both the flexion and the 
extension movements since it provides the required area of contact to be translated by the 
sensing area and allows the light to travel without any abrupt corners that would obstruct 
the communication with the monitoring stage. The main characteristics, and advantages, of 
this foil include flexibility, stretchability and the capability to sustain a good bonding 
between the optical fiber and the substrate. The host material is polyvinyl chloride (PVC) 
with custom formulation to assure the bonding and the stimulus transfer (Silva A. et al., 
2012). Moreover its size and shape are completely customizable during fabrication. 

2.4. Samples and experiments 

As previously stated, the knee kinematics is characterized mainly by the flexion and 
extension dynamics. In order to monitor these movements, the flexible polymeric foil 
prototype, having the sensor embedded in it, was applied to an elastic knee band placing 
the FBG correctly on the patella using pressure buttons as bonding elements. The Figure 5 
shows the raw data measured by the FBG with the volunteer walking and running on top of 
a commercially available treadmill validating the system’s consistency and reliability.  
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Figure 5. FBG’s measured raw unfiltered two full gait cycles for three different speeds. Key points of 
the swing and stance phases are represented by the minimum and maximum deflections of the FBG, 
and the time in-between them, respectively. 

The periodicity of the signals and the respective association with the gait cycle are easily 
recognized, i.e., all the different movements associated with a full step are clearly 
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two full gait cycles are considered for clear visualization of the acquired raw unfiltered data. 
In the Figure 5 it is seen the FBG’s raw data waveforms for three different walking speeds, 
as an example of the system’s capability, at 0.8 km.h-1 (0.22 m.s-1), 4 km.h-1 (1.11 m.s-1) and 8 
km.h-1 (2.22 m.s-1).  For the highest speed, the measured curve becomes sharper with few 
differences. The running movement is a quicker step which leads to the waveform 
sharpness and presents a slight different kinematics, mainly when the front foot reaches the 
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of the several events occurring during the walking and running movements. In order to 
compare the period of the measured data with the different stages of a full step, the Figure 5 
shows the two extreme values obtained by the system during a complete step on a 2.5 
seconds measurement at 4 km.h-1. The stage where the flexion of the leg in the knee joint, 
hence on the FBG as well, is the minimum possible during a full step is visible 
corresponding to a value of 1547.76 nm (resonance wavelength). The maximum deflection 
obtained during a step corresponds to a value of 1548.16 nm. Between the two extremes of 
the movement, there is a stage with low amplitude variations that follows the knee 
movement while the leg is in contact with the floor. It should be noted that between the 
minimum and maximum values, the leg is always touching the floor (stance phase) and the 
FBG sensor is basically completely stretched with just minor variations related to the elastic 
knee band used. This relatively constant period is marked in red in the chart seen in the 
Figure 5. The right leg starts its movement backwards touching the floor first with the ankle, 
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proceeding with the base of the foot until it begins the movement forward with the tip of the 
toes (the maximum deflection represented in the figure represents around 80% of the gait 
period (Trew M. et al., 2005). The FBG based sensor enables identification of all the different 
movements associated with a full step allowing comparison between different results 
acquired in different situations. The presented solution for the knee can also be applied to 
any other joint in the human body. 

2.5. Discussion 

The measurements seen in Figure 3 show a smooth waveform at low speeds. For speeds 
above 4 km/h the elasticity factor of the knee band and the slip occurring during the 
movement change slightly the position of the attached FBG in the knee-band. It can be 
concluded that the elastic band matches perfectly the skin for slow movements (roughly≤4 
km.h-1) guaranteeing that the FBG is always on the correct place. Due to the FBG’s high 
resolution, 10 pm, the slightest slip induces immediately a change in the output data. This 
means that a “calibration” procedure is needed to guarantee that the sensor is exactly on top 
of the patella. Also, the elastic band used is specified for a leg perimeter around the knee of 
35-38 cm. For the subjects with a corresponding leg girth, it reproduces correctly the knee 
movement during the gait. For the remaining ones, a slight displacement of the FBG occurs 
due to the vibration induced in the leg while taking steps forward, and therefore explaining 
the wavelength variations observed in the measurements. Typically, the knee position tends 
to be steady at low speeds as seen in the test performed at 0.8 km.h-1  in the Figure 5, but its 
variations become more significant as the speed increases. The stronger vibration caused by 
the running steps is the source for the somewhat abrupt peaks in the waveform at 8 km.h-1. 
Different sizes of the elastic knee band and the way it is attached to the foil with the 
embedded sensor or even embed it in the textile (Grillet A. et al., 2008) of an elastic knee 
band can also reduce these fast oscillations. Regarding the sensing electronic modules, the 
fast changes observed can also be explained. 

2.6. Conclusions 

A structure made of polyvinyl chloride (PVC) material, carrying an embedded Fiber Bragg 
Grating (FBG) sensor with a 10 pm resolution, was attached to an elastic knee band. A clear 
characterization of the movement of the knee joint as a function of the wavelength variation 
and the associated angle measured between the tibia and femur were obtained. All the 
different movements associated with a full step, the stance and swing phases and their 
characteristic progression, are clearly identifiable in the obtained waveforms allowing 
comparison between different results acquired in different situations. The presented 
prototype is easy to connect and does not require technical personnel to give support and 
expertise making this approach very interesting as a functioning system for body kinematics 
monitoring. Moreover, since optical fiber is immune to electromagnetic interference and can 
support wet environments, including under water, the developed system opens new 
applications for body kinematics monitoring when a direct and easy relation between 
wavelength variation and angles is achieved. The FBG really demands a careful placement, 



 
Current Trends in Short- and Long-Period Fiber Gratings 112 
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proceeding with the base of the foot until it begins the movement forward with the tip of the 
toes (the maximum deflection represented in the figure represents around 80% of the gait 
period (Trew M. et al., 2005). The FBG based sensor enables identification of all the different 
movements associated with a full step allowing comparison between different results 
acquired in different situations. The presented solution for the knee can also be applied to 
any other joint in the human body. 

2.5. Discussion 

The measurements seen in Figure 3 show a smooth waveform at low speeds. For speeds 
above 4 km/h the elasticity factor of the knee band and the slip occurring during the 
movement change slightly the position of the attached FBG in the knee-band. It can be 
concluded that the elastic band matches perfectly the skin for slow movements (roughly≤4 
km.h-1) guaranteeing that the FBG is always on the correct place. Due to the FBG’s high 
resolution, 10 pm, the slightest slip induces immediately a change in the output data. This 
means that a “calibration” procedure is needed to guarantee that the sensor is exactly on top 
of the patella. Also, the elastic band used is specified for a leg perimeter around the knee of 
35-38 cm. For the subjects with a corresponding leg girth, it reproduces correctly the knee 
movement during the gait. For the remaining ones, a slight displacement of the FBG occurs 
due to the vibration induced in the leg while taking steps forward, and therefore explaining 
the wavelength variations observed in the measurements. Typically, the knee position tends 
to be steady at low speeds as seen in the test performed at 0.8 km.h-1  in the Figure 5, but its 
variations become more significant as the speed increases. The stronger vibration caused by 
the running steps is the source for the somewhat abrupt peaks in the waveform at 8 km.h-1. 
Different sizes of the elastic knee band and the way it is attached to the foil with the 
embedded sensor or even embed it in the textile (Grillet A. et al., 2008) of an elastic knee 
band can also reduce these fast oscillations. Regarding the sensing electronic modules, the 
fast changes observed can also be explained. 

2.6. Conclusions 

A structure made of polyvinyl chloride (PVC) material, carrying an embedded Fiber Bragg 
Grating (FBG) sensor with a 10 pm resolution, was attached to an elastic knee band. A clear 
characterization of the movement of the knee joint as a function of the wavelength variation 
and the associated angle measured between the tibia and femur were obtained. All the 
different movements associated with a full step, the stance and swing phases and their 
characteristic progression, are clearly identifiable in the obtained waveforms allowing 
comparison between different results acquired in different situations. The presented 
prototype is easy to connect and does not require technical personnel to give support and 
expertise making this approach very interesting as a functioning system for body kinematics 
monitoring. Moreover, since optical fiber is immune to electromagnetic interference and can 
support wet environments, including under water, the developed system opens new 
applications for body kinematics monitoring when a direct and easy relation between 
wavelength variation and angles is achieved. The FBG really demands a careful placement, 
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and for walking speeds above 4 km.h-1, the knee band slips and does not reproduce as 
accurately the gait cycle. Another solution for this problem could be to embed the optical 
fiber with the sensor in the actual textile to be used on the knee. The integration of a single 
optical fiber in a polymeric foil made of PVC resulted in a structure with a very good 
sensitivity for transducing accurately the knee flexion and extension during the walking and 
running tests. It is easy to install, comfortable to wear and accurately measures the body 
kinematics. Since this approach uses a flexible structure it can be worn by any person and it 
can be applied to other articulations as the shoulder or the elbow. 

3. Hand posture monitoring 

Following the knee’s kinematics monitoring example, the FBGs can be used in more tricky 
examples as the hand posture monitoring. In reality, the FBG is a powerful tool for 
monitoring the body articulations due to its sensitivity, response and inherently properties 
as multiplexing. 

The hand is possibly on the most complex articulating system mainly due to the density of 
articulations per volume. Moreover, apart from the anatomic structure, the hand is a key 
element to perform the interface between the human and the world. One could imagine how 
difficult it would be to perform its daily duties without using any hand. 

However, the hand impairment is more common that one could image, mainly driven by 
stroke. Just in 2010, 73.7 billion dollars (Lloyd-Jones D. et al., 2010) were mainly spent on 
rehabilitation programs required to minimize muscle spasticity or pain and to recover from 
impairment. It is on this very stage that FBGs can be a great tool not only to enhance the 
rehabilitation programs but also to minimize their costs. 

3.1. Hands’ kinematics 

The hand movements can be simplified to flexion-extension (straightening of the fingers) 
and abduction-adduction (pulling fingers apart or towards each other). 

In today’s physical therapy sessions, the exercises focus mainly on finger passive range of 
motion, fist making, object pick-up, finger extension and grip strengthening. In reality, one 
is mainly performing flexion-extension movements, which is the most frequently performed 
movement on a daily basis. Furthermore, the abduction-adduction movement has a much 
lower amplitude compared to the flexion-extension ones. 

Based on these exercises, the therapist looks for data related to grip and pinch strength, joint 
range of motion, and functional abilities (Dipietro L. et al., 2003). Their assessment provides 
key-information for diagnosis, rehabilitation program and treatment progress analysis. 

The most common tactic to retrieve the required data is based on the measurement of the 
finger range of movements while the subject is grabbing different balls of different densities. 
For the range of movement is measured via a goniometer place on each finger joint which 
allied to the ball density enables the strength calculus. As one can imagine, such technique is 
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prone to errors, due to parallax effect, and inappropriate use of the equipment. Furthermore, 
such technique does not enable a simultaneous measurements of the entire had range of 
motion. As a result, the therapist takes a significant amount of time to perform all the 
required measurements that end up to have associated errors (Dipietro L. et al., 2003). 

Independently of the performed exercises, the subjectivity associated to the patient’s 
evaluation by the therapist leads to non-conclusive assessment of the patient’s motor 
capacity and consequently misdiagnosis. Furthermore, the existing solutions are not suited 
to dynamic measurements. This scenario opens the opportunity for the development of a 
wearable device capable of performing an online monitoring of the hand kinematics in a 
more efficient manner.   

3.2. State-of-the-art 

In a generic scenario, a set of sensors applied to a glove are able to retrieve data related to 
the hand posture, from which directly or indirectly, depending on the sensor system 
architecture, other measurands can be also retrieved, e.g. pinch strength, motion range, 
among others (Dipietro L. et al., 2003).  

It is already possible to find some wearable solutions capable of monitoring the hand 
posture and retrieving the required data, few based on electrically conductive elastomer 
(Lorussi F. et al., 2003; Lorussi F. et al., 2005; Scilingo E. P. et al., 2003; Tognetti A. et al., 
2006), accelerometers (Perng J. K. et al., n.d.), induction coils, (Fahn C.-S. et al., 2005) and 
hetero-core fiber optic sensor (Nishiyama M. et al., 2009), but none on FBGs. 

However, the available solutions are quite complex (Silva A. F. et al., 2011b), namely 
because of non-linear responses from the sensor, fragility issues or complex methods for 
signal processing. Still, from the existing technologies and solutions, the ones based on 
optical fiber sensors offer the biggest potential, when looking for performance and 
wearability (Lee B., 2003). 

A solution based on FBG sensors can accomplish a simpler device compared to the existent 
ones by working on the sensor system design. 

3.3. Monitoring approach 

The finger movements on the joint site induce strain, namely tensile on the upper-side and 
compressive on the bottom-side, considering the open hand the steady-state. By applying a 
FBG on the joint site and use it as a strain gauge, one can related the measured strain to the 
angle between joints. The Bragg pitch deviates in accordance to the finger’s flexion and 
extension movements. 

A human hand has 14 joints to be monitor. Therefore, the same number of FBGs is required 
to be positioned at each joint. The FBGs’ inherent multiplexing and self-referencing 
characteristics helps to reduce the system complexity as all the required sensors can be fitted 
in a single optical fiber (see the Figure 6).  
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motion, fist making, object pick-up, finger extension and grip strengthening. In reality, one 
is mainly performing flexion-extension movements, which is the most frequently performed 
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Based on these exercises, the therapist looks for data related to grip and pinch strength, joint 
range of motion, and functional abilities (Dipietro L. et al., 2003). Their assessment provides 
key-information for diagnosis, rehabilitation program and treatment progress analysis. 

The most common tactic to retrieve the required data is based on the measurement of the 
finger range of movements while the subject is grabbing different balls of different densities. 
For the range of movement is measured via a goniometer place on each finger joint which 
allied to the ball density enables the strength calculus. As one can imagine, such technique is 
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prone to errors, due to parallax effect, and inappropriate use of the equipment. Furthermore, 
such technique does not enable a simultaneous measurements of the entire had range of 
motion. As a result, the therapist takes a significant amount of time to perform all the 
required measurements that end up to have associated errors (Dipietro L. et al., 2003). 

Independently of the performed exercises, the subjectivity associated to the patient’s 
evaluation by the therapist leads to non-conclusive assessment of the patient’s motor 
capacity and consequently misdiagnosis. Furthermore, the existing solutions are not suited 
to dynamic measurements. This scenario opens the opportunity for the development of a 
wearable device capable of performing an online monitoring of the hand kinematics in a 
more efficient manner.   

3.2. State-of-the-art 

In a generic scenario, a set of sensors applied to a glove are able to retrieve data related to 
the hand posture, from which directly or indirectly, depending on the sensor system 
architecture, other measurands can be also retrieved, e.g. pinch strength, motion range, 
among others (Dipietro L. et al., 2003).  

It is already possible to find some wearable solutions capable of monitoring the hand 
posture and retrieving the required data, few based on electrically conductive elastomer 
(Lorussi F. et al., 2003; Lorussi F. et al., 2005; Scilingo E. P. et al., 2003; Tognetti A. et al., 
2006), accelerometers (Perng J. K. et al., n.d.), induction coils, (Fahn C.-S. et al., 2005) and 
hetero-core fiber optic sensor (Nishiyama M. et al., 2009), but none on FBGs. 

However, the available solutions are quite complex (Silva A. F. et al., 2011b), namely 
because of non-linear responses from the sensor, fragility issues or complex methods for 
signal processing. Still, from the existing technologies and solutions, the ones based on 
optical fiber sensors offer the biggest potential, when looking for performance and 
wearability (Lee B., 2003). 

A solution based on FBG sensors can accomplish a simpler device compared to the existent 
ones by working on the sensor system design. 

3.3. Monitoring approach 

The finger movements on the joint site induce strain, namely tensile on the upper-side and 
compressive on the bottom-side, considering the open hand the steady-state. By applying a 
FBG on the joint site and use it as a strain gauge, one can related the measured strain to the 
angle between joints. The Bragg pitch deviates in accordance to the finger’s flexion and 
extension movements. 

A human hand has 14 joints to be monitor. Therefore, the same number of FBGs is required 
to be positioned at each joint. The FBGs’ inherent multiplexing and self-referencing 
characteristics helps to reduce the system complexity as all the required sensors can be fitted 
in a single optical fiber (see the Figure 6).  
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Figure 6. FBG sensor positioning proposal. 

The nominal elongation of the finger joints, at the top or bottom face of the hand, is around 
14 %, which is higher that the optical fiber’s elongation range. Such limitation can be 
overcome in at least three methods by playing with the sensor positioning and/or optical 
fiber layout: 

 The sensor may be placed on the side face of the joint. It is known that at a midline of a 
structure, the elongation while bending is null. A similar situation occurs on the finger 
joints, as one can see it as a bending load applied to the finger. Closer the FBG is 
positioned to the midline, lower is the strain that it will undergo. However, there is a 
trade-off associated to the movement sensitivity. 

 The optical fiber can be coiled around the finger. This would create a spring effect on 
the optical fiber as the finger performs flexion and extension. 

 Place the fiber in a curvilinear layout over the upper-face plane of the hand. This 
simulates the previous coil effects but on a two dimensional plane. 

Based on the developed technique to integrate FBGs on flexible polymeric laminates, one 
could fabricate such laminate and use as a glove’s upper face. On the upper face, the sensors 
are positively stretched, avoiding the wrinkles effect that occurs on the glove’s lower face. 

The laminate fabrication process ensures the correct positioning of the sensors and, at the 
same time, it provides protection to the optical fiber, enabling reliability and improving the 
wear out. 
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Figure 7. (a) Hand-shape polymeric foil with embedded FBGs; (b) Polymeric foil being sewed to a 
textile glove; (c) FBG-instrumented glove functional prototype. 
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Figure 7. (a) Hand-shape polymeric foil with embedded FBGs; (b) Polymeric foil being sewed to a 
textile glove; (c) FBG-instrumented glove functional prototype. 
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3.4. Glove fabrication 

Although the bare optical fiber commonly used for FBG only has an external diameter of 250 
µm, which makes it perfect to be embedded in many structures, its fragility is still a major 
issue. The developed solution based on the integration of optical fiber and FBGs inside a 
thin and flexible polymeric substrate facilitates its use as a garment. It has been reported its 
flexibility, stretchability and capacity to keep the bond between the optical fiber and the 
substrate for signal transduction (Silva A. F. et al., 2009; Silva A. F. et al., 2010a). The degree 
of customization of the flexible substrate enables it to be manufactured with a hand shape. 
The approach was to replace the upper face of a glove by the polymeric substrate with the 
embedded FBGs in a single optical fiber (see the photographs in the Figure 7). 

3.5. Performance assessment 

The Figure 8 shows the raw signal obtained while the ring finger performs flexion and 
extension movements. The raw data shows the Bragg pitch deviation along the time the subject 
perform opening and closing hand movements. It is important to remark that the retrieved data 
is only related to the proximal interphalangeal crease of the ring finger. From the raw data, 
information can be processed namely, range of motion, strength and movement speed. 

As the sensors are positioned on the glove’s upper face, as the subject closes the hand, a 
positive strain occurs on the sensor site, resulting in a positive deviation of the Bragg pitch. 
As one opens the hand, the Bragg pitch decreases. For data processing, the null deviation 
occurs when the subject has his hand open, while the maximum deviation is set to the close 
hand state, driving the maximum strain. 

Indirectly, the strength may be determined, since there is a correlation between the 
measured strain and the required load of 128 pm.N-1 (Silva A. F. et al., 2010b). 

An important characteristic in this type of systems is the accuracy. For this system, such 
parameter is evaluated comparing the value retrieved from the system with the valued 
measured by a goniometer. A FBG-based system is able to present an almost true linear 
response - see the Figure 8(b) - with a maximum error of 2º in a 90º range. 

Although the system mainly monitors the flexion-extension movement, one could 
experience that the acquired data is not influenced by the abduction-adduction, as it is 
constrained by the glove’s structure itself. 

Another key factor while developing the sensing glove is related to the Bragg wavelength 
inscription for each one of the 14 FBGs sensors. The reflected spectral component of each 
FBG uses around 0.3 nm of the available spectrum and requires a dynamic range of 1 nm for 
the finger movement. By considering the C-band optical range (1530-1560 nm), each FBG 
should be inscribed in 1.84 nm steps in order to fit all sensors in a single fiber. 

3.6. Virtual hand movement 

The therapy session not only is tedious for the therapist as it also monotonous to the patient. 
In order to improve the motivation surrounding the therapeutic session, a virtual reality 
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environment may be set up based on the developed monitoring system. As the data that is 
retrieved from the sensors is made via personal computer, besides presenting the data 
exclusively for the therapist, the data can be used to create a tridimensional model of the 
hand that replicates what the patient is doing. 

Furthermore, virtual interaction can be added, enabling game-like and personalized paced 
exercises to promote finger strength while keeping the subject motivated. 

In the developed environment (see the Figure 9), it is possible to visualize the hand 
movement in real-time and provide at the same time information about the hand posture in 
terms of angles, strength and movement range. 

 
(a) 

 
(b) 

Figure 8. (a) Ring finger FBG sensor response for opening and closing hand movements; (b) System 
accuracy based on the comparison between real and measured angles. 

A virtual monitoring system can be developed in LabView® environement with two 
purposes: 
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environment may be set up based on the developed monitoring system. As the data that is 
retrieved from the sensors is made via personal computer, besides presenting the data 
exclusively for the therapist, the data can be used to create a tridimensional model of the 
hand that replicates what the patient is doing. 

Furthermore, virtual interaction can be added, enabling game-like and personalized paced 
exercises to promote finger strength while keeping the subject motivated. 

In the developed environment (see the Figure 9), it is possible to visualize the hand 
movement in real-time and provide at the same time information about the hand posture in 
terms of angles, strength and movement range. 

 
(a) 

 
(b) 

Figure 8. (a) Ring finger FBG sensor response for opening and closing hand movements; (b) System 
accuracy based on the comparison between real and measured angles. 

A virtual monitoring system can be developed in LabView® environement with two 
purposes: 
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 Stimulate the patient to the therapy sessions by establishing game-like exercises. The 
hand movements are replicated in real time on the virtual environment that can be 
rotated and span. 

 Provide information to the therapist regarding the angle at each joint, range of motion, 
movements speed and strength. It also provides a database of records that are helpful to 
evaluate the treatment evolution. 

 
Figure 9. An example of the real-time monitor of the hand posture. 

The monitoring hardware enables sampling frequencies from 32 Hz up to 2 kHz, ensuring a 
smooth visualization of the hand movement. The computational requirements are quite low 
(Intel Pentium IV processor with 512 MB of RAM), meaning that this systems does not 
require any special configuration, which is of great interest as it reduces the cost. 

4. Cardio-respiratory frequency monitoring 

The ability to monitor the vital signs of patients requiring medical assistance is a crucial 
issue (Fernandez R. et al., 2005), where the respiratory and the cardiac frequencies can be 
selected (among others) as presenting high interest (Evans D. et al., 2001). There are specific 
situations where the acquisition of these frequencies are important, e.g., with patients doing 
exams based on Magnetic Resonance Imaging (or MRI). However, this can be unsuitable, 
due to the potential occurrence of thermal or electrical burns associated with oximeter 
sensors and cables, temperature probes and MRI surface coils. These burns can be a result of 
inductions during MRI exams (Dempsey M. F. et al., 2001; Jones S. et al., 1996) or even 
during cardiothoracic surgeries (Wehrle G. et al., 2001). Therefore, the use of optical fibers 
can be an interesting solution for measuring the cardio-respiratory frequency. This 
statement is of particular importance because the optical fibers don’t contain conductive 
parts therefore, this makes the optical fibers insensitive to external electromagnetic fields. In 
this section it will be proved the exequibility to deploy sensing/monitoring solutions for 
both the pulmonary and the cardiac frequency. Contrary to similar solutions found in the 
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literature (Augousti A. T. et al., 2005; Davis C. et al., 1999), this section shows how it is 
possible to use a single optical fiber sensor and at the same time keeping it compatible with 
the healthcare environments. 

4.1. Approach 

There are few requirements that must be addressed: providing a simple sensing solution 
capable of measuring the cardio-pulmonary components with a single sensor and at the 
same time ensures their compatibility with different people. As illustrated in the Figure 10, 
the most suitable approach for complying with these requirements is providing a small and 
flexible structure able to readily be attached/unattached to/from the chest’s site. Such 
approach enables their use by any person. A fixation mechanism must also be provided in 
order to ensure that the sensing element is able to follow the elongation of the chest wall 
due to respiratory and cardiac components. This flexible structure is designated as carrier 
material and was used with the intention to increase the strain sensitivity of the FBG 
sensors, as well as, to improve the adhesion. 

 
Figure 10. An illustration and two photographs with two views (the front and the backside views are 
respectively the left and right photographs) of the proposed approach showing the carriers containing 
the FBGs sensors. 

4.2. Methodology 

The Figure 11 shows a functional prototype that was tested on a group of few healthy 
subjects with ages between twenty and thirty years old. During the take of the 
measurements, the subjects were standing up and maintaining the full body to rest. It must 
be noted that the sensing foil was placed over the chest because this is the position of the 
human body where the effects of the heart beats are more significant. 

The Figure 12 shows the block diagram of the complete FBG acquisition system. This 
filtering system was implemented for separating the respiratory and cardiac components 
from the acquired FBG signals. This system uses two band-pass filters, e.g., one is tuned in 
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the 0.1-0.4 Hz range for allowing the measurement of the respiratory frequency. The 
pass-band of the second filter rejects all spectral components, except those in the range 0.5-
1.3 Hz for retrieving the cardiac frequency. This second band-pass filter allows the 
discrimination of frequency around 1 Hz. This set with the frequencies of interest are 
obtained by cutting the respiratory components below 0.5 Hz and the high frequencies 
(mainly composed by high frequency noise) above 1.3 Hz. A software application was used 
to implement both pass-band filters in the digital domain using the bilinear technique 
(Losada R. A. et al., 2005) with a sampling frequency of 36 Hz. 

 
Figure 11. Photograph of a functional prototype (Silva A. F. et al., 2011a). 

 
Figure 12. The block diagram of the FBG acquisition system (Silva A. F. et al., 2011a). 

4.3. Experimental: Respiratory frequency 

In the first trials, the subjects breathing naturally for evaluating the raw signal without any 
processing stage. As illustrated in the Figure 13, the external interferences do not appear to 
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degrade the quality of the acquired signals. The small perturbations that were observed are 
mainly due to the transition between the inhale and the exhale stages. 

The ability to establish a relation between the wavelength deviation to other quantities (e.g., 
the displacement and force) is one advantage of these sensors and their linear response to 
strain. As the FBG spectral signature deviates 8 nm per 1% of elongation (Silva A. F. et al., 
2010b), it is possible to retrieve how much did the chest stretched. Consequently, the air 
volume that is inhaled and exhaled can also be estimated as well as the force that is being 
applied to breath. As the chest elongation can be retrieved from the Bragg pitch deviation, 
the volume of air inhaled or exhaled can be determined, as the Bragg sensors responds 
linear to strain (Silva A. F. et al., 2011c). A similar approach can be used to obtain the 
applied load to inhale, since there is also a linear relationship between the elongation and 
the necessary load (Silva A. F. et al., 2010a). The Figure 14 shows the corresponding 
frequency spectrums, which confirms the existence of main frequency peak between 0.1 and 
0.4 Hz. In this figure is also possible to observe the group of high-frequency components 
superimposed on the normal respiratory signal that may be originated from involuntary 
body movements. 

 
Figure 13. The sensor response to a normal breath (raw data) that was obtained for a group of twelve 
healthy subjects (#0 to #11). 

These respiratory results were compared with reference signals acquired with the help of a 
commercial device (e.g., the Zephyr BioHarness) for validation purposes. The raw signals 
acquired from the FBGs were subjected to a band-pass filter in the 0.1-0.4 Hz range. The 
Figure 15 shows the signals of a single subject that have been acquired with the help of both 
the commercial device and the FBG sensor. It is possible to confirm quasi-identical 
behaviors along the time for the signals variations. However, a few differences may be due 
to the signal processing stage of the commercial device to which there was no access to. 
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Nevertheless, the same respiratory frequency (e.g., about 24 inhales per minute) was 
determined in both signals, and therefore, validating the measurements with FBGs. 

 
(a) 

 
(b) 

Figure 14. The frequency spectrum of normal breath also obtained for a group of twelve healthy 
subjects (#0 to #11). There top plot shows a superposition of all frequency spectrums for achieving a 
better visualization of the breading peaks. The bottom plot allows a better visualization of all frequency 
spectrums in the whole frequency range.  

4.4. Experimental: Cardiac frequency 

It exist a different test where the subjects are asked to do a deep inhale and a halt on its 
breath (once again, the Figure 16 shows an example for a single subject). At this point, a 
higher frequency response was obtained when compared with the respiratory frequency. 
The observation of these results led to the assumption that this behavior was related to the 
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heart beat frequency. The signals showed in the Figure 17 correspond to the cardiac part and 
were retrieved with the help of the signal processing stage illustrated in the Figure 12. The 
respective frequency spectrums are illustrated in the Figure 18, where it is a clear the 
existence of a region with the location of the cardiac frequency peaks in the range 0.5-1.3 Hz. 

 
Figure 15. For the respiratory component: the FBG-based sensing structure response (plot on top) 
versus the Zephy BioHarness commercial response (plot on bottom).  

 
Figure 16. Sensor’s response to a normal breath followed by a breath halt. 
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Figure 17. The cardiac frequency signals obtained by filtering the acquired raw data from the twelve 
healthy subjects (#0 to #11). 

 
Figure 18. The frequency spectrum of the cardiac frequency for the twelve healthy subjects (#0 to #11). 

The validation of the cardiac components was also done by comparing the obtained results 
with the commercial device previously used. The comparison between both systems is 
showed in the Figure 19. This test was also done for a single test subject because their 
cardiac frequency peaks are all located in the expected frequency range, e.g., between 0.5 Hz 
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and 1.3 Hz. The FBG sensor and the flexible carrier in PVC present a similar behavior in 
comparison with the commercial system, e.g., 66 heartbeats per minute on both. Therefore, 
this approach makes possible to retrieve the information about the cardiac frequency. It 
must be noted that some of the lag between the both signals is a result from external factors. 
Such factor includes involuntary movements and irregularities in the breath. 

 
Figure 19. For the cardiac component retrieving: the FBG sensing structure raw data (top plot) and 
cardiac frequency (middle plot) and comparison with commercial system (bottom plot). 

5. Epilogue 

This chapter presented biomedical applications for acquisition systems based on FBGs. The 
absence of mechanical steps on sensor’s fabrication results in the possibility to fabricate high 
sensitivity sensors with high reproducibility of their characteristics (Hill K. O. et al., 1997). 
However, the most important features that made FBG-based systems a wide established 
technology were their electrically passive operation, electromagnetic interference immunity, 
compact size, self referencing capability, and more important, inherent multiplexing-ability, 
which enable a wide number of sensors in a single fiber as well as Bragg a single 
interrogation system (Wang Q. et al., 2007). In conclusion, the FBGs are not restricted for the 
applications presented in this chapter. 
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1. Introduction 

1.1. Application of a Fiber Bragg Grating temperature system in a grid-connected 
hydrogenerator 

The main control parameters in any hydro-electric plant (HEP) or substation is, of course, the 
current and voltage. The third parameter is the temperature, which is normally a consequence 
of the current and must be kept under close observation because rises above 100C may 
accelerate the aging of insulating materials and conductors or even destroy them [1]. 

With the idea of decreasing the number of copper wires and consequently decreasing 
installation and operation costs, we designed a fiber optic temperature sensor for 
application in large generators. The objective of the system is to cover all temperature 
monitoring needs of an HEP that would also overcome some of the disadvantages presented 
by the conventional RTD (resistive temperature detector) network. 

This session describes the research, development and operation of an FBG temperature 
sensor array for hydro-electric generators. The optical fiber sensors system measured 
temperature at different points of an operational 42.5-MW generator at full power. The 
results showed feasibility and usefulness of the optical fiber system in power equipment. 

1.2. Installation of sensors in the hydroelectric generator 

The HEP chosen for this experiment was the 216 MW UHE-Samuel, in the western city of 
Porto Velho, Brazil. It is located on the Jamari River, a tributary of the Madeira River, which 
in turn, is one of the major tributaries of the Amazon River. Before being installed, the FBGs 
were calibrated in the laboratory to find their sensitivities [2]. 

© 2013 Allil 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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1. Introduction 

1.1. Application of a Fiber Bragg Grating temperature system in a grid-connected 
hydrogenerator 

The main control parameters in any hydro-electric plant (HEP) or substation is, of course, the 
current and voltage. The third parameter is the temperature, which is normally a consequence 
of the current and must be kept under close observation because rises above 100C may 
accelerate the aging of insulating materials and conductors or even destroy them [1]. 

With the idea of decreasing the number of copper wires and consequently decreasing 
installation and operation costs, we designed a fiber optic temperature sensor for 
application in large generators. The objective of the system is to cover all temperature 
monitoring needs of an HEP that would also overcome some of the disadvantages presented 
by the conventional RTD (resistive temperature detector) network. 

This session describes the research, development and operation of an FBG temperature 
sensor array for hydro-electric generators. The optical fiber sensors system measured 
temperature at different points of an operational 42.5-MW generator at full power. The 
results showed feasibility and usefulness of the optical fiber system in power equipment. 

1.2. Installation of sensors in the hydroelectric generator 

The HEP chosen for this experiment was the 216 MW UHE-Samuel, in the western city of 
Porto Velho, Brazil. It is located on the Jamari River, a tributary of the Madeira River, which 
in turn, is one of the major tributaries of the Amazon River. Before being installed, the FBGs 
were calibrated in the laboratory to find their sensitivities [2]. 

© 2013 Allil 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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The machine, which operates at a temperature of around 95°C at full load, needs 24 hours to 
drop its temperature to about 45oC to make it possible to enter the stator hall to install the 
optical sensors.  

An FBG presents a very small time constant due to its small mass. To protect this sensor and 
not deteriorate such a valuable parameter, the sensor was loosely inserted inside a thin 10-
cm U-form copper tubing to allow good heat transfer between the cooling air and the optical 
fiber, as shown in Figure 1. The copper tubing which also protects the sensor against strain 
comes out of and reenters an IP65 polymeric enclosure. 

A conventional optical fiber cable connected all six boxes which were installed around the 
stator winding behind each radiator of the generator. The optical cable was then placed 
within the existing cable trays along with the other electric cables extending all the way up 
from the generator to the HEP control room where the optical interrogator and an industrial 
PC were installed. 

The optical interrogation setup consists of a broad band optical source that illuminates all 
FBGs in the array. The return signal of each FBG is detected by the optical interrogator 
(Spectral Eye 400-FOS&S) that identifies the center wavelength of each FBG reflection pulse. 
Using the calibration parameters of each FBG, the optical interrogator calculates and stores 
the temperatures and communicates with an industrial PC via RS-232 interface. 

The PC publishes all data on the company’s Intranet and become available to the HEP 
central software control. Figure 1 shows the box containing one sensor installed inside the 
stator and Figure 2 shows a block diagram of the generator in detail with the optical cable 
connecting the six sensors to the interrogation system. 

 
 

 
 
Figure 1. Box containing the optical fiber splices with the FBG inside the U-shape copper tubing (left) 
and installed inside the generator (right) (adapted from [2]). 
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Figure 2. Depiction of a cross-section of the hydrogenerators showing the generator in detail with sensors 
connected to the interrogation system. 1-6) FBG sensors, 7) Radiator, 8) Stator (adapted from [2]). 

1.3. Results 

Immediately after the installation, the system started monitoring the temperatures, 
producing the graph shown in Figure 3. We can observe all signals superimposed at about 
33oC. 

 
Figure 3. Temperature of generator 5 before start-up(adapted from [2]). 

As part of the test procedures, the machine was started-up and shut down several times. 
The graph in Figure 4 shows the evolution of the temperature during the last start-up test of 
the generator. Notice that, in contrast to Figure 4, the temperatures of the radiators were not 
the same before the start-up. This is because previously the machine was working with 
different temperatures around the stator, which is normal, as we will see later. At 9 am the 
turbine was opened to the dam and the machine started-up. The temperature at FBG 3 rose 
from around 35oC to 85oC while the turbine accelerated to 90 rpm until in phase with the 60 
Hz grid frequency. Then, at 6 pm the generator was switched to the national grid and the 
temperature rose again to 95oC, stabilizing thereafter. 
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Figure 5 shows the temperature of the generator when operating normally. At this time the 
generator was producing 22 MW with an average water flow of 82 m3/s. 

 

Figure 4. Temperature evolution of generator 5 during start-up(adapted from [2]). 

 
Figure 5. Temperature of generator 5 in operation (adapted from [2]). 

It is worth pointing out that, in Figure 5 it is possible to see that, even in a steady state, the 
generator temperatures vary with time, with all temperatures following the same pattern. 
This is how the generator responds to the energy demands by the load. 

As the final step of this project we needed to be sure that the temperature data monitored by 
our system was sufficiently accurate, after two years of operation inside the hydrogenerator. 
To accomplish this, we installed thermo-pair sensors which were physically attached to the 
FBGs copper tubing so as to compare conventional sensors with FBGs ones. 
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Thus we ended up with two sets of data for each radiator, one from our system itself and 
another one from the conventional thermo-pair datalog. Figure 6 shows the temperature 
evolution of one such measurements in which it is possible to see that both signals follow a 
similar pattern of behavior when the machine starts. 

We can also observe that the thermo-pair sensor, being electronic and therefore subject to 
electromagnetic interference, produces a noisy output signal, differently from the FBG, 
which presents a smoother and asymptotic one, as expected. 

 
Figure 6. Comparison between an FBG sensor and a thermo-pair sensor as the machine starts (adapted 
from [2]). 

1.4. Conclusions 

This work describes the world’s first application, test and operation of an FBG temperature 
sensor array inside a fully operational and connected-to-the-grid hydro-electric power 
generator.  

A study of the sensing characteristics showed high repeatability, a maximum error of 
approximately 0.004°C (better than the calibrating thermometer) and linearity better than 
99.9% for the five calibrated FBGs. These errors are related to the uncertainty of the 
interrogation system (±1 pm) together with an FBG average sensitivity of about 13 pm/°C. 
Therefore, 1 pm in error means a temperature uncertainty of about 0.08°C. Since 
uncertainties below one degree centigrade are quite acceptable in the electric power 
industry, the calibration experiment demonstrated that the FBG system is appropriated for 
temperature measurements. 

With this system in operation, a huge amount of installation and maintenance costs could be 
avoided with the replacement of many kilometers of electric wires by a few optical cables.  

As a final conclusion, the system was capable of reliably and accurately measuring and 
monitoring temperatures inside the generator, even considering the harsh environment of 
the stator. 
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2. DC high voltage measurement based in an FBG-PZT sensor 

2.1. Introduction 

Electric power facilities, such as substations, rely on two basic instruments for their 
functionality and protection: the voltage transformer (VT) and the current transformer (CT) 
for measuring and controlling voltage and current, respectively. Those equipment are 
reliable for over-voltage and over-current protection, allow 0.2% revenue metering accuracy 
and their behaviour is well known both under normal and abnormal conditions. 
Nevertheless these equipments are made entirely of copper, ceramic and iron with all empty 
spaces filled with oil, which are weighty materials, producing bulky, heavy and clumsy 
equipment. On top of that, they tend to explode without prior warning, resulting in the 
potential destruction of nearby equipment by pieces of sharp ceramics and furthermore 
putting the substation personnel at risk. 

Optical voltage transducers offer many improvements over traditional inductive and 
capacitive voltage transformers. These advantages include linear performance and wider 
dynamic range, not to mention, lighter weight, smaller size, and improved safety. Since 
optical fibers carry the measurements as light signal to and from the sensor head, workers 
and all substation control equipment are electrically isolated from the high voltage 
environment. Due to their small footprint and light weight, these pieces of equipment allow 
the maintenance of emergency mobile substations that are deployed on site by trucks and 
start working in a matter of a few hours. Optical CTs and VTs for power systems have been 
used in the last decades and are commercially available today from a few companies [3]. 

On the other hand, both Pockels and Faraday effects have drawbacks. The first one is that 
both Faraday and Pockels system components are not stable with temperature and stress, 
demanding the use of complicated compensation techniques [4] or specially designed 
optical fibers [5] in order to become reliable. Additionally, Pockels cells are made of bulk 
crystals, e.g. lithiun niobate, demanding an open optics approach with lenses and polarizing 
filters which become an unstable and difficult-to-align system. The main drawback, 
however, is the high cost of this still new technology, not only for acquisition but also for 
maintenance, demanding specialty skills uncommonly available among company personnel. 

From the demands of this work and the observations above, came the motivation for 
developing a practical VT system with two basic characteristics: a) intrinsic fiber optic 
sensors avoiding open optics and b) using a well-known and proven form of technology 
that would lead to a competitive price system as compared to conventional inductive VTs. 

We have already designed and tested a hybrid electro-optical low cost monitoring system 
for the 13.8-kV distribution line [6], but nowadays the best technology for attending to the 
above demands is the fiber Bragg grating (FBG) that is relatively easy to deal with, reliable 
and very sensitive to strain. This section relates the development of a high voltage 
measuring system aimed to be used as the core of a 13.8-kV-class VT for the electric power 
industry application using as a sensing element a PZT crystal as voltage transducer and an 
FBG as strain measuring sensor. 
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2.2. Materials and methods 

This section will develop the relationship between the resulted Bragg wavelength 
displacement when the optical fiber is submitted to a force applied by the PZT when the 
latter is subjected to an electric field.  

As a first approach, the FBG was wound around a cylindrical PZT tube in a constant 
temperature environment as shown in the picture of Figure7.  

 
Figure 7. The optical fiber with a FBG (1) wound around the PZT crystal (2). Also shown are the high 
voltage probe (3) and the high voltage power supply leads (4). 

When an electric field is applied to the PZT electrodes, the tube experiences both a 
circumference contraction (d31 is negative) and an increase in the wall thickness (d33 is 
positive). We can apply the following equation for calculating the net strain considering 
both effects. 

For wall thickness displacement, we have: 

 ∆�
� = d��E (1) 

where dij is the piezoelectric displacement coefficient (in meters per volt) with I being a 
designation for the direction crystal polarization and j being the Cartesian coordinate. The 
direction of polarization (axis 3) is established by a strong electrical field applied between 
the electrodes during the poling process.  

Thus, 

 ∆w = d��Ew (2) 

But since the electrical field is 
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 E = ���
�  (3) 

then we have: 

 ∆w = d��V��. (4) 

Here Vin is the applied voltage and w is the wall thickness. 

The cylinder wall thickness displacement will account for a variation of its diameter and 
consequently the length of the tube circumference, L, around which the fiber was wound. 

Since L=2πR, we have L=2πR. Also, if the wall thickness is w, then, when the thickness 
increases by w, the radius R will increase by w/2, since half of the increase was in an 
inwards direction and does not account for R. Then, we have: 

 ∆L = 2π��
� = π∆w. (5) 

Substituting (4) into (5), we have the following fiber strain as a consequence of the wall 
thickness displacement: 

 ∆L = πd��V�� (6) 

But, as a result of the applied voltage, we also have a displacement of the circumference of 
the PZT tube. The relative increase of the circumference is, according to (2): 

 ∆�
� = d��E (7) 

or 

 ΔL = 2πRd��E (8) 

But, as E=V��/w, we have: 

 ΔL = 2πRd�� ����  (9) 

Finally, we add equations [6] and [9] to obtain the net effect: 

 ∆L = V�� �πd�� + 2πR ���
� � (10) 

or 

 ∆�
� = V�� ������ +

���
� � (11) 

For the PZT tube we have the following constants: 

d31=-122 pm/V; d33=300 pm/V; R=22.56x10-3 m and w=3.3x10-3 m. 

Substituting the above constants in (11) we have 

 ∆�
� = −30.32x10��V��. (12) 
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From Eq. (5) in [7] in a constant temperature environment and substituting the constants we 
have: 

 ���
�� = 0.78 ��

�  (13) 

Substituting (12) in (13) we finally have: 

 ���
�� = −23.65x10��V�� (14) 

Now, considering the central Bragg wavelength at rest, B=1558.024 nm, we get to the 
following sensitivity for our system: 

 ���
�� = −36.85x10��pm/V (15) 

which means a Bragg wavelength shift of 36.85 pm per each 1000 V applied to the PZT. 

In the next step, in order to increase the sensitivity, another approach was tested which is 
shown schematically in Figure 8. The PZT crystal was installed between the two levers and 
the fiber, with the FBG bonded on the levers’ tips. 

 
Figure 8. The setup with a variable-gain mechanical amplifier. 

This setup consists of a mechanical amplifier with the possibility of varying the gain by 
changing the position of the tension screw along the upper lever.  

The total gain G is, according to the parameters shown in Figure 8: 

 G = ��
�� �

����
���� (16) 

This approach is based on the longitudinal mode strain of the PZT tube, that is, its length 
displacement. The position of the tension adjustment screw in the upper lever combined 
with the length of the PZT tube and the length of the optical fiber provided a mechanical 
strain amplification G=1.98. 
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From Eq. (5) in [7] in a constant temperature environment and substituting the constants we 
have: 

 ���
�� = 0.78 ��

�  (13) 

Substituting (12) in (13) we finally have: 

 ���
�� = −23.65x10��V�� (14) 

Now, considering the central Bragg wavelength at rest, B=1558.024 nm, we get to the 
following sensitivity for our system: 

 ���
�� = −36.85x10��pm/V (15) 

which means a Bragg wavelength shift of 36.85 pm per each 1000 V applied to the PZT. 

In the next step, in order to increase the sensitivity, another approach was tested which is 
shown schematically in Figure 8. The PZT crystal was installed between the two levers and 
the fiber, with the FBG bonded on the levers’ tips. 

 
Figure 8. The setup with a variable-gain mechanical amplifier. 

This setup consists of a mechanical amplifier with the possibility of varying the gain by 
changing the position of the tension screw along the upper lever.  

The total gain G is, according to the parameters shown in Figure 8: 

 G = ��
�� �

����
���� (16) 

This approach is based on the longitudinal mode strain of the PZT tube, that is, its length 
displacement. The position of the tension adjustment screw in the upper lever combined 
with the length of the PZT tube and the length of the optical fiber provided a mechanical 
strain amplification G=1.98. 
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We now have: 

 ∆h
h

=d32
���
�  (17) 

Where ∆h
h

 is the relative change in height of the PZT tube, h is the height of the tube, w is the 
wall thickness and d32 is the piezoelectric coefficient in the longitudinal direction. These 
parameters have the following values: h = 35 mm; w=3.3x10-3 m and d32= -122 pm/V. 

Substituting the above constants in (17) we get: 

��
� = −36.97x10��V��. 

But since we have a multiplication factor of 1.98, the strain experienced by the fiber will be 

 ��
� = -73.20x10��V��. (18) 

Now substituting (18) in (13) we have: 

 ���
�� = −57.10x10��V�� (19) 

Considering a central Bragg wavelength at rest, B=1560.025 nm, we arrive at the following 
sensitivity: 

 ���
�� = −89.07x10��pm/V (20) 

which means a shift of 89.07 pm for each 1000 V applied to the PZT. 

Figure 9 shows the complete setup with the Bragg meter and the high voltage power supply 
and Figure 10 shows a picture of the tube installed in the mechanical amplifier whose 
diagram was shown in Figure 7. The Bragg meter we used is the FS 2200 from Fiber Sensing, 
presenting a resolution of 1.0 pm and absolute accuracy of 2.0 pm. 

 
Figure 9. The complete setup showing the OSA (1), the high voltage power supply (2), the FBG 
spectrum (3) and the PZT crystal with the fiber wound around it (4). 
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Figure 10. The PZT ceramic on the mechanical amplifier. 

2.3. Results and discussions 

For the first experiments, only DC voltages were applied to the PZT since the OSA we used 
to demodulate the FBG signal is too slow to respond to the 60Hz line frequency. The electro-
optic setup was composed of an ASE light source, a 6 kV-DC variable power supply applied 
to the PZT, optical fibers inscribed with FBG and an OSA to trace the FBG’s return signal 
and detect the center wavelength displacement.  

In the first experiment the fiber was wound and glued around the PZT tube and for the 
second experiment the tube was fixed to the mechanical amplifier shown in Figure 10. This 
setup consists of a mechanical amplifier with the possibility of varying the gain by changing 
the position of the screw along the upper lever. 

By applying a DC voltage to the PZT and recording the respective Bragg shift, it was 
possible to plot the graphs shown in Figure 11. The lower graph is the wavelength shift of 
the first experiment and the upper graph is the response of the second experiment. In this 
last experiment we used insulating oil in order to increase the applied voltage. The 
correlation coefficients (R2) were 0.9936 and 0.9990 for the first and second experiment, 
respectively, which showed very good correlations and repeatability of the results in all 
measurements. 

In the first experiment (fiber wound around PZT tube) the results obtained were shown by 
(15), or 36.85 pm per each 1000 V applied to the PZT. In this case we would have an 
inaccuracy of 13.6 V or about 1% of full scale. Obviously, this would not be satisfactory for a 
0.2-class instrument transformer in revenue metering application. 

In the second experiment (with mechanical amplifier) we obtained a wavelength shift of 
89.07 pm for each 1000 V applied to the PZT (Equation (20). Notice that in Figure 11 it is 
clear that there is a good relationship between wavelength and the applied voltage with a 
correlation coefficient of 0.9990. So the inaccuracy of this measurement could only come 
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Figure 11. Bragg shift vs. applied voltage. The upper trace was obtained with the mechanical amplifier; 
the lower trace was obtained with the fiber wound around the PZT. 

from the wavelength measurement by the Bragg Meter. Then, an inaccuracy in wavelength 
of 2.0 pm (the Bragg Meter’s uncertainty) will lead to an inaccuracy in voltage of 22.45 V. In 
the TC’s line voltage of 13.8 kV this error is 0.16%, meeting therefore the 0.2-Class of 
instrument transformer, IEC 60044-5 [8]. Since an increase in the gain (Eq. 16) leads to a 
larger sensitivity (Eq. 20) we can adjust the length L2 in the amplifier and consequently 
decrease the error to a smaller value. Another alternative is to decrease the length of the 
FBG, LFBG (Eq. 16) because this will also increase the gain. 

2.4. Conclusions 

The main conclusion of this work is that this setup can be used as a core of a practical 13.8 
kV-Class VT if the issues mentioned above can be taken care off. Also, the difference from 
the maximum allowed voltage to be applied to PZT and the 13.8 kV expected to be 
measured can be easily circumvented by a capacitive divider. The divider will also be used 
when this system will be scalable to the 500kV-Class VT. These are preliminary results and a 
more appropriate setup is under development which will use the twin grating technique in 
order to demodulate AC voltages and a PZT disk stack to increase the longitudinal 
displacement and thus the fiber strain, resulting in an improved level of accuracy. 

3. Measuring AC high voltage 

3.1. Principle of operation of the FBG-PZT sensor 

The experimental setup of the FBG-PZT sensor system is shown in Figure 12. The sensor 
was built by using a ceramic stack with ten 4-mm-thick PZT-4 rings, separated by 0.2-mm 
thick copper electrodes where the contacts were fixed. The proposed measurement system 
operates as follows: a voltage is applied in a combined PZT and FBG sensor by using a high 
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voltage power supply. This voltage acts on the PZT ceramic causing a mechanical 
deformation that is transmitted to an attached FBG used as interrogation system. Hence, the 
spectrum of the reflected light from the FBG is detected and demodulated to obtain a signal 
proportional to the applied voltage.  

 
Figure 12. The mechanical setup comprised of ten ceramic disks in a stack. The polarization is made in 
such a way that all disks receive the same voltage [7]. 

The FBG with central wavelength of 1536.18 nm was stretched to 1538.48 nm before being 
bonded to the aluminum structure to allow measurements in both directions, since the PZT 
experiences positive and negative displacements when subjected to an AC voltage. For an 
improved isolation and to avoid sparks under higher voltages, the entire assembly was 
immersed in insulating oil. 

For demodulating an FBG at DC operation one can use a commercial FBG interrogator as we 
can see in several low frequency applications. However, this equipment is limited to a few 
hertz, being incapable to respond to AC line frequency. We aimed the development of 
power line VT with an appropriated accuracy so as to attend the IEC [8] and also addressed 
to a study of temperature drift since temperature also displaces the Bragg wavelength, 
which is the measurement parameter. To calculate the sensitivity of the FBG-PZT transducer 
that is the relationship between the Bragg wavelength displacement and the electric filed 
applied to the PZT we start from: 

 ��
� = d��E (21) 

Where w is the PZT disk thickness, E=V/w and V is the applied voltage. Now, since the FBG 
is bonded to the side of the stack, it will experience the same strain as the PZT and we can 
combine Eq.(5) in [7] with (21) yielding: 

 ���
�� = �1 − ρ��d�� �

� + �α + η�ΔT (22) 

and for a constant temperature environment, we have: 

 Δλ� = λ��1 − ρ��d�� �
� (23) 
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Figure 11. Bragg shift vs. applied voltage. The upper trace was obtained with the mechanical amplifier; 
the lower trace was obtained with the fiber wound around the PZT. 
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voltage power supply. This voltage acts on the PZT ceramic causing a mechanical 
deformation that is transmitted to an attached FBG used as interrogation system. Hence, the 
spectrum of the reflected light from the FBG is detected and demodulated to obtain a signal 
proportional to the applied voltage.  
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can see in several low frequency applications. However, this equipment is limited to a few 
hertz, being incapable to respond to AC line frequency. We aimed the development of 
power line VT with an appropriated accuracy so as to attend the IEC [8] and also addressed 
to a study of temperature drift since temperature also displaces the Bragg wavelength, 
which is the measurement parameter. To calculate the sensitivity of the FBG-PZT transducer 
that is the relationship between the Bragg wavelength displacement and the electric filed 
applied to the PZT we start from: 

 ��
� = d��E (21) 

Where w is the PZT disk thickness, E=V/w and V is the applied voltage. Now, since the FBG 
is bonded to the side of the stack, it will experience the same strain as the PZT and we can 
combine Eq.(5) in [7] with (21) yielding: 

 ���
�� = �1 − ρ��d�� �

� + �α + η�ΔT (22) 

and for a constant temperature environment, we have: 

 Δλ� = λ��1 − ρ��d�� �
� (23) 
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Table 1 summarizes the parameters and constants for FBG and the PZT ceramic used in this 
work. 

FBG
Physical property Value

Bragg wavelength (25°C) B = 1538.48 nm 
Photo-elastic coefficient e = 0.22 

Coefficient of thermal expansion  = 0.55 x 10-6/C 
Thermo-optic coefficient (dn/dT)  = 8.6 x 10-6/C 

Length of fiber w/ FBG L = 28 mm 
PZT

Physical property Value
PZT type PZT4 

Ceramic shape Ring 
Piezoelectric strain constant d33 = 300 pm/V 

Thickness of ceramic w = 4 mm 
Maximum direct field strength 1-2 kV/mm 

Maximum reverse field strength 350-500 V/mm 
Curie Temperature Tc= 325°C 

Number of elements in stack n=10 

Table 1. PZT and FBG Parameters [7] 

Substituting the PZT constants of Table I in (23) we have the following sensitivity: 

 ���
�� = 90.0	pm/kV (24) 

which means a Bragg wavelength shift of 90 pm per each 1,000 V applied to the PZT. If we 
want to comply with the IEC 60044-5 [8] when measuring 13.8 kV, a conventional class for 
distribution line, we must attain 0.2% accuracy and so be capable to distinguish accurately 
at least 27.6 V when measuring the applied voltage using the wavelength displacement. 
According to (24), 27.6 V is equivalent to a Bragg shift of 2.48 pm which is very close to the 
accuracy of Bragg Meters commercially available (approximately ±2.0 pm). Clearly, the final 
accuracy does not depend only on the measuring capacity of the Bragg Meter, as many other 
factors interfere, but the Bragg Meter’s accuracy imposes a lower limit. 

Werneck et al [6] have used a mechanical amplifier in order to multiply the strain and obtain 
a larger amount of Bragg displacement, that is, a higher sensitivity. The authors used a stack 
made up of ten PZT rings in a parallel polarization scheme. Also, by decreasing the fiber 
length in the mechanical setup increases the FBG strain, as will be seen in the sequence. 

For calculating the sensitivity of this setup we rewrite (21) including n, the number of PZT 
elements: 

 ∆w = nd��V (25) 
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Since the FBG is bonded between the two fixing points of the stack, the displacement 
previewed by (25) will be transmitted to the fiber, so that 

 ∆w = ∆L��� (26) 

Now combining Eq. (5) in [7], (25) and (26), and considering ΔT=0 (constant temperature 
environment), we get to: 

 Δλ� = λ��1 − ρ�� ���������  (27) 

Substituting the PZT constants in (27) we have the following sensitivity: 

 ���
�� = 128.6	pm/kV (28) 

3.2. Optical setup for DC input 

The block diagram of the optical setup for DC input is shown in Figure 13. A variable high 
voltage DC power supply was used to test the system. An ASE (Amplified Spontaneous 
Emission) broadband light source illuminates the FBG and its reflected peak is directed to 
an optical spectrum analyzer (OSA) which is controlled and monitored by a computer, the 
dotted-line box in Figure 13 encompasses the commercial optical interrogator with a 
resolution of 2.0 pm. With this setup it is possible to read the wavelength displacement of 
the sensor and relate it with the DC input voltage applied using a high voltage source. 
Using this scheme it is possible to test and calibrate the system. 

 
Figure 13. Schematic diagram of the setup for DC input. 

3.3. Optical setup for AC input 

As mentioned before, commercial OSAs are too slow to respond to the 60-Hz line frequency. 
For AC voltage measurements we used the interrogation system shown in Figure14. A high 
voltage AC source was used to supply the input signal to the PZT electrodes. A broadband 
light source was used to illuminate the FBG-PZT sensor via an optical circulator. The 
reflected spectrum of the sensor passes through a Fabry-Perot (FP) tunable filter with a 
0.89 nm bandwidth. The resulted signal at the output of the FP filter is the convolution 
between the reflected FBG spectrum and the FP transmission spectrum. The optimum 
position of the center wavelength of the FP filter is chosen by a novel algorithm developed 
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Since the FBG is bonded between the two fixing points of the stack, the displacement 
previewed by (25) will be transmitted to the fiber, so that 

 ∆w = ∆L��� (26) 

Now combining Eq. (5) in [7], (25) and (26), and considering ΔT=0 (constant temperature 
environment), we get to: 
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Substituting the PZT constants in (27) we have the following sensitivity: 
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3.2. Optical setup for DC input 

The block diagram of the optical setup for DC input is shown in Figure 13. A variable high 
voltage DC power supply was used to test the system. An ASE (Amplified Spontaneous 
Emission) broadband light source illuminates the FBG and its reflected peak is directed to 
an optical spectrum analyzer (OSA) which is controlled and monitored by a computer, the 
dotted-line box in Figure 13 encompasses the commercial optical interrogator with a 
resolution of 2.0 pm. With this setup it is possible to read the wavelength displacement of 
the sensor and relate it with the DC input voltage applied using a high voltage source. 
Using this scheme it is possible to test and calibrate the system. 

 
Figure 13. Schematic diagram of the setup for DC input. 

3.3. Optical setup for AC input 

As mentioned before, commercial OSAs are too slow to respond to the 60-Hz line frequency. 
For AC voltage measurements we used the interrogation system shown in Figure14. A high 
voltage AC source was used to supply the input signal to the PZT electrodes. A broadband 
light source was used to illuminate the FBG-PZT sensor via an optical circulator. The 
reflected spectrum of the sensor passes through a Fabry-Perot (FP) tunable filter with a 
0.89 nm bandwidth. The resulted signal at the output of the FP filter is the convolution 
between the reflected FBG spectrum and the FP transmission spectrum. The optimum 
position of the center wavelength of the FP filter is chosen by a novel algorithm developed 
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by [9]. The dashed area on the spectrum drawing at the left of the FP filter in Figure 14 is the 
intersection between the spectrum of the reflected signal and the band pass of the FP filter. 
The integral of this area is the total light power that exits the filter and reaches the 
photodetector. The intersection point of the two spectra occurs at the linear portion of each 
curve, therefore when the sensor spectrum moves, the superimposed area varies linearly. 

Since the sensor spectrum is oscillating at 60 Hz, the intersection will increase and decrease 
accordingly and the output power of the filter will also oscillate at the same frequency. After 
this demodulation process, the amplitude (power) of the light signal is proportional to the 
instantaneous input voltage applied to the PZT. The signal is then fed into an amplified 
photodetector which output voltage signal is analyzed by an oscilloscope. 

 
Figure 14. Schematic diagram of the setup for AC voltage using a tunable Fabry-Perot filter. 

3.4. Results and discussion 

For the first experiment, DC voltages were applied to the FBG-PZT to measure the Bragg 
displacement by the interrogation system shown in Figure 13. The applied voltage to the 
PZT ranged from 0 V to 2250 V approximately to not exceed the maximum electric field in 
direct and reverse directions, specified by the ceramic datasheet. By applying a DC voltage 
to the PZT and recording the respective Bragg shift, it was possible to plot the graphs shown 
in Figure 15.  

For multiple measurements, we found the average linear sensitivity of 89.09 pm/kV for the 
FBG-PZT sensor and an average correlation coefficient of R2=0.9985. The recorded sensitivity 
indicated a Bragg wavelength shift of 89.09 pm per 1000 V applied to the terminals of the PZT.  

The voltage dependent sensitivity was calculated and Figure 15 shows the results for 10 
measurements. By using a linear fitting procedure(Matlab) the uncertainty studies regarding 
these results indicate an RMSE of 0.0025 kV and an average standard deviation of 1.19 pm 
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Figure 15. Relationship between the DC voltage applied to FBG-PZT and the Bragg wavelength shift. 

which, when divided by the sensitivity, produces an uncertainty in voltage measurement of 
13.36 V. This error in voltage represents an uncertainty of 0.09 % in the 13.8 kV Class, which is 
very close to the 0.2% accuracy needed to comply with the IEC for DC measurements. 
According to the transducer errors on Figure16, the maximum and minimum residual errors 
were 0.005 kV and 0.007 kV when measuring0.09 kV and 0.56 kV respectively. This dispersion 
presented on the results was due to inaccuracies of the system, as well as OSA uncertainty. 

 
Figure 16. The FBG-PZT transducer errors for DC voltage applied. 
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Figure 15. Relationship between the DC voltage applied to FBG-PZT and the Bragg wavelength shift. 
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were 0.005 kV and 0.007 kV when measuring0.09 kV and 0.56 kV respectively. This dispersion 
presented on the results was due to inaccuracies of the system, as well as OSA uncertainty. 

 
Figure 16. The FBG-PZT transducer errors for DC voltage applied. 
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The obtained average experimental sensitivity of 89.09 pm/kV for FBG-PZT sensor was 
smaller than that expected by the theoretical analysis shown in (28): 128.6 pm/kV. The 
reason for this difference may be related to the elasticity of the materials employed in the 
mechanical setup. When a voltage is applied to the PZT that forces its displacement, the 
optical fiber bonded to the aluminum assembly pulls in the opposite direction. If the 
structure relaxes, the fiber will not be completely stretched, thus preventing full 
displacement. 

The Young's modulus of the optical fiber (70 GPa) is of the same order of magnitude as that 
of aluminum (69 GPa); however, this cannot be attributed to the aluminum stretching, 
because its cross section area is much larger than that of the fiber. However, the adhesive 
used to bond the stack together is fairy elastic, and might easily relax by a few nanometers, 
which is enough to lower the fiber displacement, resulting in lower sensitivity as the fiber is 
stressed less than that theoretically calculated. 

The AC measurement results consist of measuring the variations in the Bragg wavelength, 
converted from the photodetector output voltage as a function of AC voltage applied to the 
terminals of the FBG sensor FBG-PZT. By applying an AC voltage to the PZT and measuring 
the output voltage of the amplifier over six consecutive cycles, it was possible to obtain the 
plots shown in Figure 17. The sensor response to an applied voltage in the range of 0 kV to 2 
kV, approximately, is presented. A linear relation was found with an average sensitivity of 
0.087 and an average correlation coefficient of R2 0.9983.  

 
Figure 17. Relationship between the input and output voltages using the Fabry-Perot filter. 

Figure 18 shows the linear fitting results for six measurements. According to Figure 18, one 
can conclude that the maximum error was 0.05 kV on 0.83 kV and the average RMSE was 
0.0314 kV. 
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Figure 18. The FBG-PZT transducer errors for AC voltage applied. 

For the analysis of dynamic measurements of the output signal it is necessary to measure 
the total harmonic distortion (THD) of the input signal. Figure 19 shows the wave form of 
the signal from the measurement system. The objective of this analysis was to investigate the 
behavior of the input signal (60 Hz line signal) and measure the output harmonic distortion, 
as the applied AC voltage is increased. The obtained THD was 4.72% and this low value 
ensures that the harmonic distortion in AC results is not related to the input signal. We can 
notice that the measurement system output THD occurs particularly when the input voltage 
reaches the end of the scale, approximately at 1700 V. The reason for this harmonic 
distortion is that the input signal reaches a nonlinear region of the convolution function 
between FBG and FP filter spectra. A photograph of the experimental setup can be seen in 
Figure 20. 

 
Figure 19. Photodetector output signal for increment of the applied AC voltage (Vrms). 
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Figure 20. Experiment Setup for AC/DC measurements. 

3.5. Temperature drift study 

Equation (5) in [7] shows that the temperature also displaces the central wavelength of an 
FBG. This is because α, the thermal expansion coefficient of the silica, and η, the thermo-
optic coefficient, are temperature dependent parameters. However, if the FBG is bonded to 
an aluminum assembly, the Bragg wavelength will drift with temperature, not only due α 
and η but also due to the thermal expansion coefficient of the aluminum. Now, if the sensor 
center wavelength drifts, its gain and sensitivity will vary accordingly. 

There are four options to circumvent this effect. The first option is to measure the PZT 
temperature by using another FBG, and calculating the respective Bragg drift. Hence, an 
automated controller could adjust the FP filter accordingly. The second option, which only 
works with twin FBGs, is simply performed by placing the FBG-filter into the same thermal 
environment as the PZT. In this way, both FBGs will drift together, and the optimum 
position will be maintained. 

The third option requires an engineered assembly so that the thermal expansion is 
compensated by counter balanced strains. If the PZT stack presented the same strain as the 
strain of the aluminum ends of the assembly, the fiber and the FBG would not be subject to 
any strain because the stack displacement would be counterbalanced by the supporting 
ends. Since the thermal expansion coefficient of aluminum (24x10-6/°C) is greater than that of 
the PZT4 (4.5x10-6/°C), we would need a stack length greater than that of the supporting 
ends to have a counterbalancing effect. Of course, we would also have to include the 
thermal expansion of the optical fiber (0.55x10-6/°C) for the perfect match. 

To check this approach the sensor was inserted inside an oven from 25°C to 45°C, without 
any voltage applied to the PZT4. Figure 21 shows a linear Bragg wavelength displacement 
with a negative slope as the temperature is varied. The negative slope indicates that the fiber 
was relaxed instead of being pulled by thermal displacement. The linear fitting for this 
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measurement shows a response for the temperature sensitivity of 55.11 pm/°C with a 
maximum error of 0.03 kV on 45°C. 

In reality, since the thermal coefficient ratio between aluminum and PZT is 5.33, to obtain a 
perfect match, the total length of aluminum parts should be 5.33 times smaller than that of 
the PZT stack, which would compromise the project. However a few other materials are 
available, such as titanium, which has a thermal expansion of 8.6x10-6/°C. In this case, the 
ratio of titanium parts over PZT parts would be around 2, which is reasonable.  

 
Figure 21. Thermal sensitivity of the FBG-PZT sensor. 

3.6. Conclusions 

A new optical voltage transformer (OVT) measurement scheme for an AC high voltage line 
was developed, bearing in mind accuracy, repeatability, and reliability, and was appropriated 
to in-field operation, and able to comply with the standard IEC 60044-5 [8]. This setup may be 
used as the core of a practical 13.8 kV-Class VT, as long as temperature compensation is 
addressed appropriately. As for a possible commercial production of OVTs using the 
techniques proposed here, it is worth recalling that in recent years the extensive development 
of optical devices for the telecommunications market has improved their reliability, and, at the 
same time, decreased their cost. In addition, the devices used in our prototypes, such as PZT 
crystals, FBG sensors, broadband light source, and an amplified In GaAs photodetector, are 
not more expensive than the components used in conventional VTs. For this reason, it is 
considered that the final fabrication costs would not exceed those of conventional VTs. 
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4. Measuring current in HV transmission lines  

4.1. Hybrid devices and magnetostriction 

Consistent current measurements are obligatory in several situations, such as in substations, 
power transmission and oil industry [10, 11]. Usually instrument transformers in electric 
power facilities are massive and heavy equipment. In this sense, numerous current sensing 
schemes which make use of the Faraday Effect have been proposed, since optical systems 
frequently offer a wider dynamic range, lighter weight, improved safety and 
electromagnetic interference immunity [12]. 

Several indoor designs of hybrid optical current sensors have been presented, some of 
which explore the magnetostrictive actuation of a ferromagnetic rod over a fiber Bragg 
grating, which is attached to this material. All magnetic materials present the 
magnetostrictive phenomenon, in which the material suffers a strain due to the application 
of a magnetic field, i. e, the magnetic sample shrinks (negative magnetostriction) or expands 
(positive magnetostriction) in the direction of magnetization [13]. Thus, magnetostrictive 
materials (MM) convert magnetic energy into mechanical energy, and the inverse is also 
true, i.e., when the material suffers an external induced strain its magnetic state is altered. A 
typical length variation curve showed by this kind of material is presented in Figure 22 [14], 
where in region 3 the saturation state has been reached (ΔL/L is the strain). The FBG is 
frequently attached to the material using a common adhesive, usually cyanoacrylate glue. 
Thus, as the magnetostrictive rod is strained by the application of a magnetic field 
(generated, for instance, by an electrical current), also it is the grating, providing a current 
measurement that is wavelength encoded. This sensor head arrangement is presented in 
Figure 23. 

In [15] the first studies concerning de use of FBGs and MM in DC electrical current 
measurements are described. In this proposed system two different alloys are employed as 
the sensor head, being one of them a magnetostrictive rod and both with the same thermal 
expansion coefficient. In each alloy there is an attached FBG, written in the same optical 
path. While the Terfenol-D (which is an rare-earth magnetostrictive alloy) rod is used to 

 
Figure 22. Magnetostrictive material strain characteristic [14]. 

 
Application of Fiber Bragg Grating Sensors in Power Industry 155 

 
Figure 23. FBG attachment arrangement (sensor head). 

obtain the current measurement itself, as it strains the FBG, the grating attached to the non-
magnetic alloy provides data concerning temperature variations, acting as a reference for 
thermal compensations. In this way, when there is a temperature variation both gratings are 
subjected to the same thermal expansion, the difference between the Bragg wavelengths is a 
measure of the magnetostriction, and the FBG attached to the non-magnetic alloy (MONEL 
400 – a nickel, copper and iron alloy) provides information about the temperature. This 
sensor head schematic is showed in Figure 24. 

 
Figure 24. Sensor head for DC-current and temperature measurement [15]. 

The several advantages showed by the FBG sensing technology in high voltage 
environments have boosted the development of a number of current measurement systems, 
especially for the power industry. An optical current transformer (OCT) based on Terfenol-
D actuation for AC current signals is proposed in [16], where a prototype to be used in a 100 
– 1000 A measurement range was constructed. A testing matrix was made in order to 
investigate an optimized sensor head operating point, in terms of mechanic and magnetic 
biases. Since magnestostriction is a unipolar phenomenon, i.e., its output is rectified, to 
obtain a bipolar response the system must operate in its liner region (region between 1 and 2 
in Figure 22) by the application of a DC biasing magnetic field (Figure 25a). This matrix 
consisted in a C yoke that was turned into a closed loop, the sensor is located in the forth 
arm (Figure 25b). 
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Figure 25.  (a) A biasing field which allows the measurement of AC signals, (b) Test matrix for system 
optimization [16]. 

A monitoring system specifically proposed for transmission lines (TL) is proposed in [17]. In 
this particular case a different sensor head arrangement is discussed – a coil is not used to 
excite the optical-magnetostrictive measurement set-up – instead, a uniform FBG with Bragg 
wavelength of 1531.56 nm is fixed to a magnetostrictive rod, which is positioned at a 
distance D from the center of the transmission line conductor cable (Figure 26) and parallel 
to the direction of the current generated magnetic field lines. In this proposal, temperature 
and TL ac-current can theoretically be measured, where the current is amplitude codified 
and the temperature is wavelength codified, so there is no ambiguity. The sensor head can 
be operated at long distances (approximately 2 km) and since an optical fiber path is being 
employed there is an intrinsic multiplexing capability; however, optical attenuations must 
be accounted for.  

 
Figure 26. High voltage line sensor head, proposed in [17]. 

(a) (b)
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But the usual proposed demodulation techniques are still expensive or not suitable for a 
prolonged in-field operation. In this section, two opto-mechanical sensor head are showed 
and compared as current transducers. A laboratory test device for nickel and Terfenol-D is 
showed, the designed transducers were tested and the temperature effect on the 
measurement responses was evaluated for a more accurate estimate of the transducers 
response range.  

4.2. Materials and methods 

Two transducer configurations are investigated. The main difference lies in the employed 
materials; nickel and Terfenol-D are utilized as the main parts of the transducer systems. 
When submitted to a magnetic field generated by the electrical current to be measured, the 
nickel rod longitudinal length is reduced, while in Terfenol-D the opposite effect occurs, i.e., 
the material elongates. In this sense, the magnetostrictive samples treatment procedure and 
the developed electrical current source used to excite the sensor heads are described. 

Untreated nickel samples, with dimensions of 100 mm X 100 mm X 10 mm, to be used as 
magnetic-mechanical transducers need to go through a hot rolling procedure. This method 
provides thin nickel sheets, thus allowing the reduction of eddy currents. A piece of raw 
nickel was heated in a metallurgical furnace at a temperature of 600°C for a 10-minute 
period. After that, the nickel piece is removed from the oven and submitted to 
metalworking. This procedure was repeated five times, until the nickel sheet reached the 
thickness of 0.5 mm. This sheet was cut into smaller pieces, with dimensions of 100 mm X 
10mm X 0.5 mm, and pilled up in a number of seven, which were glued together with an 
insulating varnish, composing a complete magnetostrictive part with approximate 
dimensions of 100 mm X 10 mm X 3.5 mm. This arrangement, besides reducing the effect of 
eddy currents, is a more robust scheme.  

A Terfenol-D rod, an alloy composed by iron, terbium and dysprosium (a Giant 
Magnetostrictive Material – GMM) with dimensions of 80 mm X 10 mm X 10mm) was used. 
The material is solid and brittle (Figure 27).  

 

 
Figure 27. Terfenol-D rod. 
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Two fiber Bragg gratings were fixed to the MM using commercial cyanoacrylate adhesive, 
after the cleaning of both nickel and Terfenol-D surfaces, this procedure enables an 
improved attachment. The FBGs are also stretched, a procedure which will allow the 
monitoring of magneto-elastic elongations and compressions that the materials may suffer 
when submitted to magnetic fields. A stretching device is employed in the fibers stretching 
procedure; while an FBG interrogator was used to monitor the Bragg wavelength shift 
(Figure 28). 

 
Figure 28. FBG stretching scheme, prior to complete attachment 

In order to investigate the magnetostrictive characteristics of both nickel and Terfenol-D 
samples and to study the proper attachment of both gratings over these rods, a coil was 
constructed, enabling the excitation of the opto-mechanical transducers with DC current, 
thus DC magnetic fields. Therefore, the testing system consists in a driving circuit and an 
exciting coil, fed with DC electrical currents, hence providing a scheme for the 
magnetostrictive activation. 

4.3. Experiments 

The transducer devices are positioned in the core of the exciting coil (Figure 29), which is 
mechanically supported by a PVC tube. Considering this arrangement, a current range of 0 – 
27 ADC was delivered to the load, while the Bragg wavelength shift and the transducers 
temperature were monitored. It is important to monitor the temperature to which the sensor 
heads are submitted, since there is power dissipation as the DC current is developed in the 
coil, thus increasing the sensor head temperature. The maximum current was limited by the 
variable transformer capacity. 

The first transducer to be investigated was the one prepared with the stacked nickel sheets, 
composing a rod. A fiber Bragg grating with λB=1538.176 nm at 25°C was attached to the 
rod, and therefore exposed to the magnetic field generated by the current in the exciting coil. 
Four measurement cycles were carried out, and the obtained curves are presented in Figure 
30. A tendency line that adjusts the data and its equation, the theoretical values of the 
magnetic field and the temperature of the rod during the experiment, are also presented. 
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Figure 29. Assembled activation coil, designed according to the procedure described in [18]  

 

 
 

Figure 30. Bragg wavelength X electrical current curves for the FBG-nickel-based sensor head, for four 
measurement cycles. 
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Two fiber Bragg gratings were fixed to the MM using commercial cyanoacrylate adhesive, 
after the cleaning of both nickel and Terfenol-D surfaces, this procedure enables an 
improved attachment. The FBGs are also stretched, a procedure which will allow the 
monitoring of magneto-elastic elongations and compressions that the materials may suffer 
when submitted to magnetic fields. A stretching device is employed in the fibers stretching 
procedure; while an FBG interrogator was used to monitor the Bragg wavelength shift 
(Figure 28). 

 
Figure 28. FBG stretching scheme, prior to complete attachment 

In order to investigate the magnetostrictive characteristics of both nickel and Terfenol-D 
samples and to study the proper attachment of both gratings over these rods, a coil was 
constructed, enabling the excitation of the opto-mechanical transducers with DC current, 
thus DC magnetic fields. Therefore, the testing system consists in a driving circuit and an 
exciting coil, fed with DC electrical currents, hence providing a scheme for the 
magnetostrictive activation. 

4.3. Experiments 

The transducer devices are positioned in the core of the exciting coil (Figure 29), which is 
mechanically supported by a PVC tube. Considering this arrangement, a current range of 0 – 
27 ADC was delivered to the load, while the Bragg wavelength shift and the transducers 
temperature were monitored. It is important to monitor the temperature to which the sensor 
heads are submitted, since there is power dissipation as the DC current is developed in the 
coil, thus increasing the sensor head temperature. The maximum current was limited by the 
variable transformer capacity. 

The first transducer to be investigated was the one prepared with the stacked nickel sheets, 
composing a rod. A fiber Bragg grating with λB=1538.176 nm at 25°C was attached to the 
rod, and therefore exposed to the magnetic field generated by the current in the exciting coil. 
Four measurement cycles were carried out, and the obtained curves are presented in Figure 
30. A tendency line that adjusts the data and its equation, the theoretical values of the 
magnetic field and the temperature of the rod during the experiment, are also presented. 
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Figure 29. Assembled activation coil, designed according to the procedure described in [18]  

 

 
 

Figure 30. Bragg wavelength X electrical current curves for the FBG-nickel-based sensor head, for four 
measurement cycles. 

(a) (b)

(c)

-2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
1538.2

1538.2

1538.2

1538.2

1538.2

1538.2

1538.2

1538.2

1538.2

1538.2

1538.3

26.5°C

27.5°C

26.9°C

26.6°C

26.5°C

 Bragg Wavelength
 Adjustment Line
Magnetic Field Intensity

Current (A)

B
ra

gg
 W

av
el

en
gt

h 
(n

m
)

Nickel Rod - 1ST Cycle

y=-0.00134x+1538.24395

26.5°C

0

1000

2000

3000

4000

5000

Theoretical M
agnetic Field Intensity (O

e)

-2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
1538.22

1538.23

1538.24

1538.25

1538.26

1538.27

27.7°C
27.2°C26.9°C

26.8°C

26.8°C

26.8°C  Bragg Wavelength 
 Adjustment Line
 Magnetic Field Intensity

Nickel Rod - 2ND Cycle 

Current (A)

B
ra

gg
 W

av
el

en
gt

h 
(n

m
)

y=-0.00134+1538.24395
0

1000

2000

3000

4000

5000

Theoretical M
agnetic Field Intensity (O

e)

-2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

1538.230

1538.235

1538.240

1538.245

1538.250

1538.255

1538.260

27.6°C27.1°C

26.8°C

26.7°C

26.7°C

26.7°C  Bragg Wavelength
 Adjustment Line
 Magnetic Field Intensity

Nickel Rod - 3RD Cycle 

y=-0.00105x+1538.25682

Current (A)

B
ra

gg
 W

av
el

en
gt

h 
(n

m
)

0

1000

2000

3000

4000

5000

Theoretical M
agnetic Field Intensity (O

e)

(c)

-2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
1538.22

1538.23

1538.24

1538.25

1538.26

1538.27

27.7°C
27.2°C26.9°C

26.8°C

26.8°C

26.8°C  Bragg Wavelength 
 Adjustment Line
 Magnetic Field Intensity

Nickel Rod - 2ND Cycle 

Current (A)

B
ra

gg
 W

av
el

en
gt

h 
(n

m
)

y=-0.00134+1538.24395
0

1000

2000

3000

4000

5000

Theoretical M
agnetic Field Intensity (O

e)



 
Current Trends in Short- and Long-Period Fiber Gratings 160 

The Terfenol-D-based sensor head was also studied. In this case, an FBG with λB=1540.065 
nm at 25°C was fixed on the alloy rod. Repeating the previously described testing 
procedure, the obtained Bragg wavelength X electrical current curve is showed in Figure 31. 
A tendency line that adjusts the data, the theoretical values of the magnetic field, and the 
temperature of the rod during the experiment, are also presented. 

 

 
 

 

 
Figure 31. Bragg wavelength X electrical current curves for the FBG-Terfenol-D-based sensor head, for 
four measurement cycles 

(a) (b)

(c) (d)

-2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

1540.1

1540.2

1540.3

1540.4

1540.5

1540.6

Terfenol-D Rod - 1ST Cycle 

30.7°C

29.2°C

27.7°C

27°C

27.1°C

 Bragg Wavelength
 Adjustment Line
 Magnetic Field Intensity

y=-0.01778x+1540.05748

Current (A)

B
ra

gg
 W

av
el

en
gt

h 
(n

m
)

27.3°C
0

1000

2000

3000

4000

5000

Theoretical M
agnetic Field Intensity (O

e)

-2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

1540.1

1540.2

1540.3

1540.4

1540.5

1540.6

29.1°C

28.2°C

27.2°C

26.8°C

27.3°C 27.1°C

 Bragg Wavelength
 Adjustment Line
 Magnetic Field Intensity

Terfenol-D Rod - 2ND Cycle 

y=-0.01728x+1540.04652

Current (A)

B
ra

gg
 W

av
el

en
gt

h 
(n

m
)

0

1000

2000

3000

4000

5000

Theoretical M
agnetic Field Intensity (O

e)

-2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

1540.1

1540.2

1540.3

1540.4

1540.5

1540.6
28.2°C

27.8°C

27.3°C

26.9°C

26.9°C27.1°C

 Bragg Wavelength
 Adjustment Line
 Magnetic Field Intensity

y=-0.0175x+1540.04856

Current (A)

B
ra

gg
 W

av
el

en
gt

h 
(n

m
)

0

1000

2000

3000

4000

5000Terfenol-D Rod - 3ND Cycle 

Theoretical M
agnetic Field Intensity (O

e)

-2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

1540.0

1540.1

1540.2

1540.3

1540.4

1540.5

1540.6
25.9°C

25.3°C

24.9°C

24.8°C

24.8°C
24.9°C

 Bragg Wavelength
 Adjustment Line
 Magnetic Field Intensity

y=-0.02119x+1539.94997

Current (A)

B
ra

gg
 W

av
el

en
gt

h 
(n

m
)

0

1000

2000

3000

4000

5000Terfenol-D Rod - 4TH Cycle 

Theoretical M
agnetic Field Intensity (O

e)

 
Application of Fiber Bragg Grating Sensors in Power Industry 161 

4.4. Thermal behavior of sensor  

In monitoring applications, in which the strain information is a part of the transduction 
process, the thermal behavior of the measurement system must be known since most current 
measurements are done outdoors. This data can be later applied to compensate temperature 
variation effects. In order to submit the gratings attached to Terfenol-D and nickel rods to a 
wide temperature range a testing set-up composed by a thermal shaker and a 2000 ml 
becher with water, where the sensors are immersed (Figure 32), was used.  

 
 
 

 

 
 

Figure 32. Thermal behavior experiment set-up 

Considering that the fixation of the Bragg gratings over the surface of the rods is ideal, the 
strain over the optical fiber developed during the experiment is due to the magnetostrictive 
material linear thermal expansion, i.e.,m. Thus, 

 m M
o

L T
L

 
    (29) 

where αM is the MM linear thermal expansion coefficient. 

For strain measurements, taking into account the Bragg wavelength expression given by [19] 
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where ΔλB is the Bragg wavelength shift, λB is the Bragg wavelength at the beginning of the 
test, k is the gauge factor (k=0.78), ΔT is the temperature variation, αSis the silica thermal 
expansion coefficient, and  1 n n T  is the temperature dependence of the refractive 

index. 

Therefore, using Eq. 29 and 30 one can obtain 
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The Terfenol-D-based sensor head was also studied. In this case, an FBG with λB=1540.065 
nm at 25°C was fixed on the alloy rod. Repeating the previously described testing 
procedure, the obtained Bragg wavelength X electrical current curve is showed in Figure 31. 
A tendency line that adjusts the data, the theoretical values of the magnetic field, and the 
temperature of the rod during the experiment, are also presented. 

 

 
 

 

 
Figure 31. Bragg wavelength X electrical current curves for the FBG-Terfenol-D-based sensor head, for 
four measurement cycles 
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4.4. Thermal behavior of sensor  

In monitoring applications, in which the strain information is a part of the transduction 
process, the thermal behavior of the measurement system must be known since most current 
measurements are done outdoors. This data can be later applied to compensate temperature 
variation effects. In order to submit the gratings attached to Terfenol-D and nickel rods to a 
wide temperature range a testing set-up composed by a thermal shaker and a 2000 ml 
becher with water, where the sensors are immersed (Figure 32), was used.  

 
 
 

 

 
 

Figure 32. Thermal behavior experiment set-up 

Considering that the fixation of the Bragg gratings over the surface of the rods is ideal, the 
strain over the optical fiber developed during the experiment is due to the magnetostrictive 
material linear thermal expansion, i.e.,m. Thus, 
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where αM is the MM linear thermal expansion coefficient. 

For strain measurements, taking into account the Bragg wavelength expression given by [19] 

   1B
m S

B

nk T T
n T

  
 


       (30) 

where ΔλB is the Bragg wavelength shift, λB is the Bragg wavelength at the beginning of the 
test, k is the gauge factor (k=0.78), ΔT is the temperature variation, αSis the silica thermal 
expansion coefficient, and  1 n n T  is the temperature dependence of the refractive 

index. 

Therefore, using Eq. 29 and 30 one can obtain 
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The theoretical thermal sensitivity of the opto-mechanical sensor is given by Eq 31. For the 
nickel rod, with λB = 1537.547 nm (T = 5.6°C) and αM(nickel) = 13.3 x 10-6/°C, the sensitivity of 
the Bragg wavelength as a function of temperature is  

 0.0258 /oB

NICKEL
nm C

T





 (32) 

Being the magnetostrictive material Terfenol-D, and λB = 1539.727 (T=5.6°C) and 
αM(terfenol)= 12x10-6/°C, the sensitivity of the Bragg wavelength as a function of temperature 
is  

 0.0242 /oB

TERFENOL
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T



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 (33) 

For the nickel rod, admiting a Bragg wavelength infinitesimal variation for an infinitesimal 
temperature variation, from Eq. 32 we have 
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where C is the integration constant for the indefinite integral.  

Considering the Bragg wavelength just after the stretching process as the initial condition 
λB=1538.019 nm (T=24.6°C).  

Using Eq. 33 one obtain 

C 1537.384 nm.  

Hence, the theoretical thermal sensibility for the nickel-based set-up is  

 9
( ) 0.0258 10 1537 .384B NICKEL T nm     (35) 

Repeating this procedure for the Terfenol-D-based set-up, where λB = 1540.046 nm  
(T = 23.8°C), the obtained value for the integration constant is C = 1539.470 nm. Thus, 

 9
( ) 0.0242 10 1539.470B TERFENOL T nm     (36) 

In Figures 33 and 34 the measured responses, when both sensor heads are submitted to a 
temperature variation range of approximately 60°C, are presented. For comparison 
purposes, a tendency line that adjusts the experimental data and the calculated theoretical 
thermal sensitivity for each developed set-up are also showed.  
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Figure 33. Bragg wavelength as function of temperature for the nickel – FBG sensor head 

 

 
Figure 34. Bragg wavelength as function of temperature for the Terfenol-D – FBG sensor head 
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The theoretical thermal sensitivity of the opto-mechanical sensor is given by Eq 31. For the 
nickel rod, with λB = 1537.547 nm (T = 5.6°C) and αM(nickel) = 13.3 x 10-6/°C, the sensitivity of 
the Bragg wavelength as a function of temperature is  
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Being the magnetostrictive material Terfenol-D, and λB = 1539.727 (T=5.6°C) and 
αM(terfenol)= 12x10-6/°C, the sensitivity of the Bragg wavelength as a function of temperature 
is  
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For the nickel rod, admiting a Bragg wavelength infinitesimal variation for an infinitesimal 
temperature variation, from Eq. 32 we have 
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where C is the integration constant for the indefinite integral.  

Considering the Bragg wavelength just after the stretching process as the initial condition 
λB=1538.019 nm (T=24.6°C).  

Using Eq. 33 one obtain 

C 1537.384 nm.  

Hence, the theoretical thermal sensibility for the nickel-based set-up is  
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( ) 0.0258 10 1537 .384B NICKEL T nm     (35) 

Repeating this procedure for the Terfenol-D-based set-up, where λB = 1540.046 nm  
(T = 23.8°C), the obtained value for the integration constant is C = 1539.470 nm. Thus, 
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In Figures 33 and 34 the measured responses, when both sensor heads are submitted to a 
temperature variation range of approximately 60°C, are presented. For comparison 
purposes, a tendency line that adjusts the experimental data and the calculated theoretical 
thermal sensitivity for each developed set-up are also showed.  
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Figure 33. Bragg wavelength as function of temperature for the nickel – FBG sensor head 

 

 
Figure 34. Bragg wavelength as function of temperature for the Terfenol-D – FBG sensor head 
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4.5. Discussion 

The Bragg wavelength for the nickel-based transducer decreases as the current increases, 
once this material presents a negative magnetostrictive coefficient; whereas the Terfenol-D-
based prototype shows a positive magnetostriction (and the Bragg wavelength increases as 
the current increases). 

During the experiments disregarding the temperature effects on the response, the nickel-
based transducer showed an average Bragg wavelength shift range of 0.038 nm for a current 
variation range of 27 A. For the same current range, the Terfenol-D-based transducer 
showed an average Bragg wavelength shift range of 0.449 nm, approximately one order of 
magnitude larger than the one showed by the nickel-based transducer. However, 
considering the temperature effects through the tendency lines obtained during the 
temperature compensation experiments and showed in Figures33 and 34, this influence has 
to be taken into account. Thus, in this case, the nickel-based transducer showed an average 
Bragg wavelength shift range of 0.063 nm, while the Terfenol-D-based transducer exhibited 
an average Bragg wavelength shift range of 0.417 nm. When thermal effects are 
compensated the nickel-based transducer Bragg wavelength shift range is increased, since in 
this particular situation the heating and the magnetostrictive effects work in opposite 
directions on the FBG response, i.e., while the current induced magnetic field decreases the 
read Bragg wavelength, the heating increases it.  

Nickel and Terfenol-D are suitable materials to be used in current monitoring transducers; 
yet, the alloy shows an improved response for a specific current range, since it is a giant 
magnetostrictive material. The development stages of a complete transducer system include 
the use of greater DC currents to investigate the saturation region of the materials, and the 
modeling of the response of the transducers when submitted to different mechanical stresses 
and magnetic biases in order to determine an optimized sensor set-up for both DC and AC 
current measurements.  
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4.5. Discussion 

The Bragg wavelength for the nickel-based transducer decreases as the current increases, 
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the current increases). 
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magnetostrictive material. The development stages of a complete transducer system include 
the use of greater DC currents to investigate the saturation region of the materials, and the 
modeling of the response of the transducers when submitted to different mechanical stresses 
and magnetic biases in order to determine an optimized sensor set-up for both DC and AC 
current measurements.  
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1. Introduction 

Thanks to achievements in photonics technologies optical networks have gained a notably 
increase in capacity per single fiber during the last decade [1]. Demand for greater 
transmission speed has been increasing exponentially because of the impulsive spread of 
Internet services (see Fig. 1) [2]. At the same time, the radical improvement of the capability 
of digital technologies has made feasible expanding multimedia services [1]. Therefore 
bandwidth intensive applications and exponential Internet traffic growth are continuing to 
drive the further penetration of optical fiber into the optical access systems [2].  

 
Figure 1. System capacity (per fiber) and network traffic [3]  

A new generation access network becomes indispensable to upgrade the systems [4, 5]. The 
passive optical network (PON) has the feasibility to lead the deployment of new high-
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capacity and future-proof broadband networks [6]. The use of wavelength division 
multiplexing (WDM) in the access networks is further defensible in terms of video services 
support. WDM solutions are forging ahead towards higher data transmission rate and lower 
channel spacing to utilize available bandwidth more effectively [7]. 

The main reasons behind the implementation of new generation systems are to meet 
demand of capacity, user density requirements and scalability, while ensuring that the cost 
per unit bandwidth is lowest possible [3, 8]. The novel concept is WDM-direct in which 
multiple wavelengths are directly connected to each optical network unit (ONU) [9, 10]. 
Increasing spectral efficiency is important for building efficient WDM-direct systems, since 
this allows the optical infrastructure to be shared among many channels, and thus reduces 
the cost per transmitted information bit in a fully loaded system [11]. High performance 
optical filters are groundwork for realization of high speed dense WDM (DWDM)-direct 
systems where coherent and incoherent crosstalk between adjacent channels becomes a 
main source of degradation: adjacent channels interfere with each other upon detection, and 
the resulting beating gives rise to signal distortions, provided that the beat frequencies lie 
within the bandwidth of the detection electronics [12, 11]. 

Proposed approach for increasing the transmission capacity is to reduce the channel spacing 
of a DWDM-direct system to the minimum while keeping the mature and well developed 
optical filter technologies like fiber Bragg grating (FBG). To realize proposed approach 
limitating factors must be taken into account. One part of these factors is related to efficient 
bandwidth of FBG which in proposed approach is determined employing optical signals 
(transmission speed 2.5 Gbit/s and 10.3125 Gbit/s which conform 2 Gigabit Ethernet (GE) 
and 10 GE of Ethernet hierarchy) with different wavelength offset value within filter pass-
band. Other part of factors is related to evaluation of the minimal channel spacing for 
concrete FBG in DWDM-direct system. 

2. Optimal complex tranfer function for access systems 

A FBG is periodic variation of the refractive index along the propagation direction in the 
core of optical fiber that reflects particular wavelengths of light and transmits all others. 
Low channel spacing and high data transmission rate sets strict requirements for DWDM 
filter characteristics and any imperfections in their parameters, such as amplitude and phase 
responses, becomes critical. Understanding and distracting of those optical filter 
imperfections to high speed DWDM-direct systems are of great importance [7].  

Low channel isolation from adjacent channels is one of these imperfections in optical filter 
parameters. To ensure high channel isolation we need to inscribe FBG filters with complex 
apodization profiles. Changes in apodization profiles emerge in different filter bandwidth at 
-3 dB and -20 dB level and suppression of undesirable side lobes in optical filter amplitude 
response. Performance of three different apodization profiles and their influence on 
DWDM-direct systems main parameters: channel spacing and data transmission rate have 
been evaluated numerically. 
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2.1. Simulation method 

To numerically evaluate impact of different FBG apodization profiles on high speed 
DWDM-direct system combination of two different simulation programs was used: Bragg 
Grating Filters Synthesis 2.6 (BGFS 2.6) simulation program for mathematical description of 
FBG optical filter and OptSim 5.2 simulation program to simulate high speed DWDM-direct 
systems. In the BGFS 2.6 simulation program different FBG optical filters with defined 
apodization profiles were realized. This simulation program is based on Transfer Matrix 
Method (TMM). TMM is used to create a numerical periodic non-uniform FBG filters. It is 
applied to solve the coupled mode equations and to obtain the spectral response of the fiber 
Bragg grating. In this approach, the grating is divided into uniform sections. Each section is 
represented by a 2x2 matrix. By multiplying these matrices, a global matrix that describes 
the whole grating is obtained (see Fig. 2. and equation 1): 

 
Figure 2. Transfer matrix method used to obtain the spectral characteristics of a fiber Bragg grating (

n - average index of refraction, z - section length, 0 0, , ,M MR S R S - electromagnetic waves 
amplitudes) 
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The reflection coefficient of the entire grating is defined as: 
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The main drawback of this method is that M may not be made arbitrarily large, since the 
coupled-mode theory approximations are not valid when uniform grating section is only a 
few grating periods long. Thus, it requires z >> T [13, 14].  

OptSim 5.2 simulation program uses method of calculation that is based on solving a 
complex set of differential equations, taking into account optical and electrical noise, linear 
and nonlinear effects. Two ways of calculation are possible: Frequency Domain Split Step 
(FDSS) and Time Domain Split Step (TDSS) methods. These methods differ in linear 
operator L calculations: FDSS does it in frequency domain, but TDSS calculates linear 
operator in the time domain by calculating the convolution product in sampled time. The 
first method is easy to realize, but it may cause severe errors during simulation. In our 
simulation we used the second method, TDSS, which despite its complexity grants a precise 
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The main drawback of this method is that M may not be made arbitrarily large, since the 
coupled-mode theory approximations are not valid when uniform grating section is only a 
few grating periods long. Thus, it requires z >> T [13, 14].  
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complex set of differential equations, taking into account optical and electrical noise, linear 
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(FDSS) and Time Domain Split Step (TDSS) methods. These methods differ in linear 
operator L calculations: FDSS does it in frequency domain, but TDSS calculates linear 
operator in the time domain by calculating the convolution product in sampled time. The 
first method is easy to realize, but it may cause severe errors during simulation. In our 
simulation we used the second method, TDSS, which despite its complexity grants a precise 
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result. The Split Step method is used in all commercial simulation tools to perform the 
integration of the fiber propagation equation: 
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where  ,A t z -the optical field; L-linear operator that stands for dispersion and other linear 

effects; N – operator that is responsible for all nonlinear effects. The idea is to calculate the 
equation over small spans of fiber z by including either linear or nonlinear operator. For 
instance, on the first span z  only linear effects are considered, on the second – only 
nonlinear, on the third – again only linear [15]. Us it is noticed before, in numerical 
investigation are used two simulation programs: BGFS 2.6 – to realize FBG filters amplitude 
and phase responses and OptSim 5.2 to numerically evaluate high speed DWDM-direct 
systems. Realized FBG filter parameters were recorded in data file, which after simple 
mathematical calculations were used in OptSim 5.2 simulation program to build user 
defined optical filters.  

2.2. Simulation scheme and results 

Simulation scheme (see Fig.3.) consists of transmitter, transmission line and receiver. 
Number of channels is chosen to evaluate influence of nonlinear optical effects (NOE): self – 
phase modulation (SPM), cross – phase modulation (XPM), four – wave – mixing (FWM) to 
used optical filters performance. 

 
Figure 3. Simulation scheme for DWDM-direct transmission realization with FBG optical filters 

The transmitter consists of pseudo-random data source with 231-1 bit sequence, non return to 
zero (NRZ) code former, continuous wavelength (CW) laser source and LiNbO3-based 
external Mach Zehnder modulator (MZM). The data source produces a pseudo-random 
electrical signal, which represents the information we want to transmit via optical fibre. 
Then we use a code former to form NRZ code from incoming pseudo-random bit sequence. 
The NRZ has long been the dominant code format in fibre optical transmission systems, 
because of a relatively low electrical bandwidth for the transmitters and receivers and its 
insensitivity to the laser phase noise [16]. The optical pulses are obtained by modulating CW 
laser irradiation in MZM with previously mentioned bit sequence. Then formed optical 
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pulses are sent directly to a different length standard single mode fibre (SSMF). The utilized 
fibre has a large core effective area 80 μm2, attenuation α = 0.2 dB/km, nonlinear refractive 
coefficient nk = 2.5·10-20 cm/W and dispersion 16 ps/nm/km at the reference wavelength λ = 
1550 nm. Receiver block consists of optical filter, PIN photodiode (typical sensitivity -17 
dBm) and Bessel – Thomson electrical filter (4 poles, 7.5 GHz -3dB bandwidth). To simulate 
insertion loss (polarization dependent loss: 0.1 dB, ripple insertion loss: 0.2 dB, splice and 
connector loss: 0.1dB) of optical filter we used optical attenuator. 

The main idea of our simulations is to demonstrate FBG filters with different apodization 
profiles (see Fig. 4.) influence on high speed dense WDM communication systems. 
Investigation of high performance optical band-pass filters are groundwork for realization 
of high speed dense WDM communication systems. 

The main problem is to ensure high channel isolation between adjacent channels. To realize 
channel isolation performance evaluation of FBG optical filter we used eye diagram, bit 
error rate (BER) and optical signal spectrum in different system configurations (different 
channel spacing and data transmission speed). We have chosen three different apodization 
profiles (see Fig.4.): rectangular, cosinusoidal and Gaussian, four channel spacing values: 
200 GHz, 100 GHz, 50 GHz and 25 GHz and two data transmission speeds: 2.5 Gbit/s and 
10. 3125 Gbit/s. 

 
Figure 4. Amplitude response of 55 GHz FBG optical filters with different apodization profiles shown 
in inset  

The results of BER dependence on channel spacing using FBG with rectangular, 
cosinusoidal and Gaussian apodization profiles are presented in Fig. 5. As we can see 
systems with 2.5 Gbit/s data transmission speed performance is better (BER values are 
lower) than systems with 10. 3125 Gbit/s data transmission speed. This can be explained by 
greater influence of chromatic dispersion on higher data transmission speed optical pulses. 
In addition, from results we can see that BER values are higher at 25 GHz channel spacing 
due to greater NOE influence and crosstalk. At both data transmission speeds and all 
channel spacing values, the worst performance showed the FBG optical filter with 
rectangular apodization profile. This is mainly because of great undesirable side lobes in 
optical filter amplitude response. These imperfections in filter amplitude response reduced 
channel isolation.  
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result. The Split Step method is used in all commercial simulation tools to perform the 
integration of the fiber propagation equation: 
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phase modulation (SPM), cross – phase modulation (XPM), four – wave – mixing (FWM) to 
used optical filters performance. 

 
Figure 3. Simulation scheme for DWDM-direct transmission realization with FBG optical filters 

The transmitter consists of pseudo-random data source with 231-1 bit sequence, non return to 
zero (NRZ) code former, continuous wavelength (CW) laser source and LiNbO3-based 
external Mach Zehnder modulator (MZM). The data source produces a pseudo-random 
electrical signal, which represents the information we want to transmit via optical fibre. 
Then we use a code former to form NRZ code from incoming pseudo-random bit sequence. 
The NRZ has long been the dominant code format in fibre optical transmission systems, 
because of a relatively low electrical bandwidth for the transmitters and receivers and its 
insensitivity to the laser phase noise [16]. The optical pulses are obtained by modulating CW 
laser irradiation in MZM with previously mentioned bit sequence. Then formed optical 
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pulses are sent directly to a different length standard single mode fibre (SSMF). The utilized 
fibre has a large core effective area 80 μm2, attenuation α = 0.2 dB/km, nonlinear refractive 
coefficient nk = 2.5·10-20 cm/W and dispersion 16 ps/nm/km at the reference wavelength λ = 
1550 nm. Receiver block consists of optical filter, PIN photodiode (typical sensitivity -17 
dBm) and Bessel – Thomson electrical filter (4 poles, 7.5 GHz -3dB bandwidth). To simulate 
insertion loss (polarization dependent loss: 0.1 dB, ripple insertion loss: 0.2 dB, splice and 
connector loss: 0.1dB) of optical filter we used optical attenuator. 

The main idea of our simulations is to demonstrate FBG filters with different apodization 
profiles (see Fig. 4.) influence on high speed dense WDM communication systems. 
Investigation of high performance optical band-pass filters are groundwork for realization 
of high speed dense WDM communication systems. 

The main problem is to ensure high channel isolation between adjacent channels. To realize 
channel isolation performance evaluation of FBG optical filter we used eye diagram, bit 
error rate (BER) and optical signal spectrum in different system configurations (different 
channel spacing and data transmission speed). We have chosen three different apodization 
profiles (see Fig.4.): rectangular, cosinusoidal and Gaussian, four channel spacing values: 
200 GHz, 100 GHz, 50 GHz and 25 GHz and two data transmission speeds: 2.5 Gbit/s and 
10. 3125 Gbit/s. 

 
Figure 4. Amplitude response of 55 GHz FBG optical filters with different apodization profiles shown 
in inset  

The results of BER dependence on channel spacing using FBG with rectangular, 
cosinusoidal and Gaussian apodization profiles are presented in Fig. 5. As we can see 
systems with 2.5 Gbit/s data transmission speed performance is better (BER values are 
lower) than systems with 10. 3125 Gbit/s data transmission speed. This can be explained by 
greater influence of chromatic dispersion on higher data transmission speed optical pulses. 
In addition, from results we can see that BER values are higher at 25 GHz channel spacing 
due to greater NOE influence and crosstalk. At both data transmission speeds and all 
channel spacing values, the worst performance showed the FBG optical filter with 
rectangular apodization profile. This is mainly because of great undesirable side lobes in 
optical filter amplitude response. These imperfections in filter amplitude response reduced 
channel isolation.  
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Figure 5. BER dependence on channel spacing using FBG with rectangular, cosinusoidal and Gaussian 
apodization profiles: a – 2.5 Gbit/s; b – 10.3125 Gbit/s data transmission speed. BER values measured at 
the worst channel. 

As one could see from simulation results the influence of FBG filters with different 
apodization profiles on high speed DWDM-direct systems is enormous. To ensure high 
channel isolation and thus realize systems high performance FBG filter must be used with 
cosinusoidal or Gaussian apodization function because of narrow bandwidth at -20 dB level. 
FBG with rectangular apodization profile showed the worst performance which resulted in 
whole system degradation because of imperfections (great side lobes) in amplitude response. 

3. Fiber Bragg grating characterization methods 

Optical filters in optical transmission systems are a special subgroup of physical 
components defined in such a way that they select or modify parts of the spectrum of the 
signal [17, 18]. Signals and physical components can be expressed mathematically by 
complex functions describing amplitude and phase [17]. Amplitude transfer function 
describes loss dependency as function of wavelength for optical filter, but phase transfer 
function is responsible for introduced wavelength dependent amount of delay. There are 
different methods for transfer funtion characterization. Focus is related to the techniques 
which are for evaluation of phase transfer funtion and its related parematers. 

3.1. Jones matrix eigenanalysis 

Polarization mode dispersion (PMD) decreases transmission systems bandwidth and is a 
fundamental parameter of both: optical fiber and passive optical components. The difference 
between group delays for two principle states of polarization (PSP) is the differential group 
delay (DGD) [19]. The PMD value is the average of DGD values. DGD varies randomly with 
wavelength and time which stands for dispersive effects. Moreover a second-order effect of 
PMD can lead to optical pulses length changes [20]. As a consequence an optical component 
with birefringence devoid of chromatic dispersion (CD), can exhibit optical pulses length 
changes owing to the second-order effects of PMD [21]. PMD is characterized by a Jones 
Matrix as a function of wavelength [22]. Jones Matrix is common to represent the 
polarization state of an optical signal or the transfer matrix of a passive optical device. The 
transfer matrix of an optical device specifies the relationship between the input and output 
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Jones vectors of the optical signal [20]. This transfer matrix can be characterized by 
measuring three output Jones vectors in response to three known input Jones vectors. It is 
worthwhile to note that although it is measured with a few specific polarization states of the 
optical signal, a Jones Matrix describes a passive optical device such as an optical filter and 
is independent of the input launching condition of the optical signal [22]. Two basic 
equations for this DGD estimation are given below. Thus, the two Eigen-values can be 
calculated from the products of Jones Matrix employing (4). 
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Where, 1g and 2g is group delays for two principle states of polarization, 1 2( / )Arg  

denotes the phase angle of 1 2/   [22]. Equation (5) shows the principle of Jones Matrix 
technique for DGD measurement. An important practical issue is to choose the frequency 
step size   for the measurement. For a small step size the measurement would take a long 
time and instability of devices would have strong impact on the results. For a big step size 
the output optical signal state of polarization would rotate for more than 45o over each 
frequency step which leads to inaccurate results [19].  

The Jones Matrix technique has a number of advantages compared to other DGD 
measurement methods [21]. First, it needs only a small wavelength window to perform a 
measurement. From this point of view method is more suitable for evaluation of detailed 
wavelength dependency of DGD and PMD. Second, Jones Matrix measurement can be made 
fast using automated procedures of polarization controller and a polarimeter. Third, the 
accuracy of the Jones Matrix technique is considered the best compared to other techniques 
[22]. Therefore Jones matrix Eigen-analysis (JME) is a measurement technique for accurately 
measure the DGD and PMD of any passive optical component [19]. 

In this research N7788B component analyser of Agilent Technologies was utilized to 
perform measurements of FBG with 55 GHz full width half maximum (FWHM) bandwidth. 
This technology is based on the JME which is the standard method for measuring DGD and 
PMD of passive optical devices [23].  

Measurement scheme (see Fig.6) consists of LiNbO3 polarization controller, polarimeter, 
tunable laser source and device under test (DUT): FBG with 55 GHz FWHM bandwidth. 

Fig.7 shows measured amplitude transfer function and DGD as function of wavelength for 
FBG with 55 GHz FWHM bandwidth. Results show that DGD value within filters pass-band 
does not exceed 70 picoseconds.  
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polarization state of an optical signal or the transfer matrix of a passive optical device. The 
transfer matrix of an optical device specifies the relationship between the input and output 

 
Fiber Bragg Grating Technology for New Generation Optical Access Systems 173 

Jones vectors of the optical signal [20]. This transfer matrix can be characterized by 
measuring three output Jones vectors in response to three known input Jones vectors. It is 
worthwhile to note that although it is measured with a few specific polarization states of the 
optical signal, a Jones Matrix describes a passive optical device such as an optical filter and 
is independent of the input launching condition of the optical signal [22]. Two basic 
equations for this DGD estimation are given below. Thus, the two Eigen-values can be 
calculated from the products of Jones Matrix employing (4). 
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denotes the phase angle of 1 2/   [22]. Equation (5) shows the principle of Jones Matrix 
technique for DGD measurement. An important practical issue is to choose the frequency 
step size   for the measurement. For a small step size the measurement would take a long 
time and instability of devices would have strong impact on the results. For a big step size 
the output optical signal state of polarization would rotate for more than 45o over each 
frequency step which leads to inaccurate results [19].  

The Jones Matrix technique has a number of advantages compared to other DGD 
measurement methods [21]. First, it needs only a small wavelength window to perform a 
measurement. From this point of view method is more suitable for evaluation of detailed 
wavelength dependency of DGD and PMD. Second, Jones Matrix measurement can be made 
fast using automated procedures of polarization controller and a polarimeter. Third, the 
accuracy of the Jones Matrix technique is considered the best compared to other techniques 
[22]. Therefore Jones matrix Eigen-analysis (JME) is a measurement technique for accurately 
measure the DGD and PMD of any passive optical component [19]. 

In this research N7788B component analyser of Agilent Technologies was utilized to 
perform measurements of FBG with 55 GHz full width half maximum (FWHM) bandwidth. 
This technology is based on the JME which is the standard method for measuring DGD and 
PMD of passive optical devices [23].  

Measurement scheme (see Fig.6) consists of LiNbO3 polarization controller, polarimeter, 
tunable laser source and device under test (DUT): FBG with 55 GHz FWHM bandwidth. 

Fig.7 shows measured amplitude transfer function and DGD as function of wavelength for 
FBG with 55 GHz FWHM bandwidth. Results show that DGD value within filters pass-band 
does not exceed 70 picoseconds.  
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Figure 6. DGD measurement scheme [24] 

 
Figure 7. Measured amplitude transfer (a) function and differential group delay (b) of 55 GHz FBG 

DGD and PMD value increases at the edges of the optical filter amplitude transfer function 
which could be a degradation factor for optical signal transmitted through device [25]. 
Therefore the relative bandwidth available to each broadband access systems channel is 
reduced, meaning that the channel experiences the effect of the edge of the pass-band of the 
filter transfer function, where the dispersion effects is expected to be most significant [17]. 

3.2. Modulation phase shift method 

Agilent Technologies 86038B photonic dispersion and loss analyzer was employed for 55 
GHz FBG filter parameters evaluation and numerous parameters were obtained: 
attenuation, group delay (GD) and chromatic dispersion as functions of wavelength. Test 
equipment is based on the modulation phase shift (MPS) method. In the conventional MPS 
method, light from a sinusoidal source is intensity modulated before being launched into 
the device under test [24]. MPS method obtains the group delay response of a device under 
test by measuring the change in phase of a sinusoidal radio frequency (RF) modulation 
envelope as the wavelength is changed [23].  

 
Figure 8. MPS method scheme for 55 GHz FBG measurements 
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See MPS method realization in Fig.8. The optical light source is a tunable distributed 
feedback laser. Light from a laser is sent to external MZM and is amplitude modulated 
(typically in the 100 MHz to 1.25 GHz range). After propagating through the DUT, the 
transmitted signal is detected by a PIN photodiode. A RF network analyzer is employed to 
provide a modulating signal of frequency mf  and to measure electrical phase difference 
between input and output signals [26, 27]. In practice, the wavelength is swept and the 
change in the group delay   for each wavelength increment is calculated from the 
measured change in phase according to (6): 
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Where the first factor is defined as the fractional cycle of RF phase shift and the second 
factor represents the period of the RF signal. The subscript   indicates that the change in 
group delay being measured was produced in response to an incremental change in 
wavelength. In (6) we can notice how the group delay and the measured electrical phase 
present opposite slopes [20, 27].  

The attribute called dispersion is defined by: 
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Where   is the change in group delay in seconds corresponding to a change in 
wavelength   in meters. In real world applications, the dispersion parameter is given in 
units of picoseconds per nanometer. Combining (6) and (7), we obtain: 
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Equation (8) specifies that the amount of phase change obtained in response to a wavelength 
step is the product of total device dispersion, wavelength step and modulation frequency. 
This equation provides several key insights into the capabilities of the MPS measurement 
method. In order to achieve accurate measures it is important to have a stable wavelength 
step size, which completely depends on the tunable laser stability [20, 27].  

Fig. 9 shows measured attenuation, GD and CD as function of wavelength for FBG with 55 
GHz FWHM bandwidth. The insertion loss is 5,3 dB while its bandwidth at -1 dB level is 50 
GHz and its bandwidth at -20 dB level is equal to 75 GHz. The group delay variation is 
limited to 50 ps in the pass-band and the dispersion at the center wavelength is equal to 0 
ps/nm. The maximum dispersion in the bandwidth at -3 dB level is found to be within the 
range of -500 ps/nm to 500 ps/nm. 

3.3. Efficient bandwidth measurement method 

The main idea of our experiments is to evaluate efficient bandwidth of FBG with 55 GHz 
FWHM bandwidth. Efficient bandwidth of passive device provides limitations which are 
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See MPS method realization in Fig.8. The optical light source is a tunable distributed 
feedback laser. Light from a laser is sent to external MZM and is amplitude modulated 
(typically in the 100 MHz to 1.25 GHz range). After propagating through the DUT, the 
transmitted signal is detected by a PIN photodiode. A RF network analyzer is employed to 
provide a modulating signal of frequency mf  and to measure electrical phase difference 
between input and output signals [26, 27]. In practice, the wavelength is swept and the 
change in the group delay   for each wavelength increment is calculated from the 
measured change in phase according to (6): 
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This equation provides several key insights into the capabilities of the MPS measurement 
method. In order to achieve accurate measures it is important to have a stable wavelength 
step size, which completely depends on the tunable laser stability [20, 27].  

Fig. 9 shows measured attenuation, GD and CD as function of wavelength for FBG with 55 
GHz FWHM bandwidth. The insertion loss is 5,3 dB while its bandwidth at -1 dB level is 50 
GHz and its bandwidth at -20 dB level is equal to 75 GHz. The group delay variation is 
limited to 50 ps in the pass-band and the dispersion at the center wavelength is equal to 0 
ps/nm. The maximum dispersion in the bandwidth at -3 dB level is found to be within the 
range of -500 ps/nm to 500 ps/nm. 

3.3. Efficient bandwidth measurement method 

The main idea of our experiments is to evaluate efficient bandwidth of FBG with 55 GHz 
FWHM bandwidth. Efficient bandwidth of passive device provides limitations which are 



 
Current Trends in Short- and Long-Period Fiber Gratings 176 

required to take into consideration for realization of DWDM-direct transmission system for 
broadband access.  

 
Figure 9. Measured attenuation (a), group delay (b), chromatic dispersion (c) and differential group 
delay (d) as function of wavelength for 55 GHz FBG filter 

3.3.1. Method setup 

Efficient bandwidth measurement scheme (see Fig. 10) was realized to investigate FBG with 
55 GHz FWHM bandwidth with 2 GE and 10 GE optical signals. The efficient bandwidth 
measurement scheme consists of typical optical transmission system elements. The 
transmitter consists of pseudo-random data generator with 231-1 bit sequence, non-return to 
zero code former, continuous wavelength laser source and LiNbO3-based external Mach 
Zehnder modulator.  

 
Figure 10. Efficient bandwidth measurement scheme 

The data source produces a pseudo-random electrical signal, which represents the 
information. Then a code former is used to form NRZ code from incoming pseudo-random 
bit sequence. The optical pulses are obtained by modulating CW laser irradiation in MZM. 
Formed optical pulses are sent directly to a DUT at different CW laser central wavelength 
offset values. Receiver block consists of optical attenuator, PIN photodiode and Bessel – 
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Thomson electrical filter (4 poles, 7.5 GHz -3dB bandwidth). Attenuator with 10 dB rated 
value was used to simulate loss of 20 km optical fiber, splicing and connectors in direct 
access systems. Oscilloscope and optical spectrum analyser (OSA) was used to perform 
measurements of eye diagram and optical power spectral densities, accordingly. 

3.3.2. Results for 2.5 GE and 10 GE transmission speed 

The bit error rate measurement is a simple method for systems performance evaluation. The 
error counting in a practical system for realistically low BER values (< 10-12) can be a long 
process. Therefore the International Telecommunications union (ITU) has created the eye 
diagram masks for different bit rates with a definite BER value [28]. 

Fig. 11 shows the eye diagrams and optical power spectral densities of 2 GE optical signals 
after FBG with 55 GHz FWHM bandwidth for different laser central wavelength offset 
values (-0.2 nm, -0.1 nm, 0 nm, 0.1 nm, 0.2 nm). Offset value was changed within FBG device 
pass-band with 0.1 nm step. This value was chosen to fit DWDM systems wavelength grid 
defined in ITU-T G.694.1 recommendation. As we can see from results greater optical signal 
amplitude and phase distortions are at the edges of the band-pass optical filter. On Fig.11.a 
and Fig.11.e are shown eye diagrams for -0.2 nm and +0.2 nm offset values and there are 
signal waveform degradation. From these results FBG efficient bandwidth is 0.4 nm or 50 
GHz and is the same as FWHM bandwidth.  

Fig. 12 depicts out the eye diagrams and optical power spectral densities of 10 GE optical 
signals after FBG with 55 GHz FWHM bandwidth for different laser central wavelength 
offset values (same as in Fig. 11). On Fig.5.a and Fig.5.e are shown eye diagrams for -0.2 nm 
and +0.2 nm offset values and there are signal and mask crossing which means that defined 
BER value is exceeded. The results show that efficient bandwidth is 0.2 nm or 25 GHz and is 
0.2 nm or 25 GHz lower than FWHM bandwidth for this transmission speed. 

 
Figure 11. Eye diagrams (a-e) and optical power spectral densities (f) of 2GE optical signal after FBG 
with 55 GHz FWHM bandwidth for different CW laser wavelength offset shown in inset 
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Thomson electrical filter (4 poles, 7.5 GHz -3dB bandwidth). Attenuator with 10 dB rated 
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Figure 12. Eye diagrams (a-e) and optical power spectral densities (f) of 10GE optical signal after FBG 
with 55 GHz FWHM bandwidth for different CW laser wavelength offset shown in inset 

4. Realization of new generation access system 

Optical band-pass filter performance must be evaluated to increase spectral efficiency of 
overall optical transmission system [8]. Due to this, detailed investigation has been done 
into the FBG filter influence on the optical signals in DWDM-direct. For this purpose we 
have created the DWDM-direct measurement scheme and determined minimal channel 
interval for 55 GHz FBG filter at which the bit error ratio is sufficiently low. This evaluation 
was carried out employing eye diagrams and optical power spectral densities of the 
received optical signal. 

4.1. Measurement setup 

DWDM-direct scheme (see Fig. 13) is composed of three parts: a transmitter, an optical fiber, 
and a receiver. The transmitter consists of a pseudo-random data source with 231-1 bit 
sequence (Anritsu MU181020A), a non-return-to-zero code former (Anritsu MU181020A), a 
tunable continuous wavelength laser source (Agilent 81989A, 81949A), and an Avanex 
LiNbO3-based external MZM. The data source generates a pseudo-random electrical signal 
which contains the information to be transmitted via optical fiber. Then a code former is 
used to form an NRZ code from the incoming pseudo-random bit sequence. The optical 
pulses are obtained by modulating CW laser light in MZM with the generated bit sequence. 
After optical modulation the formed optical pulses are sent directly to a 20 km SSMF 
(G.652.d). The utilized fiber has a large core effective area of 80 μm2, attenuation α = 0.2 
dB/km, nonlinear refractive coefficient nk = 2.5·10–20 cm/W, and dispersion 16 ps/nm/km at 
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was chosen to fit DWDM wavelength grid defined in ITU-T G.694.1 recommendation. Both 
signal detection in the 2.5 Gbit/s DWDM system, 55 GHz FBG, was observed with a 25 GHz 
channel interval. To reduce undesirable adjacent signal, the channel interval was increased, 
which gave lower BER values for the detected signal. As a result, the adjacent channel was 
suppressed more efficiently, because the steepness of a 55 GHz FBG device is very good and 
the adjacent channel’s isolation is ~35 dB. As one can see from the results (Fig. 14b), a 50 
GHz channel interval is sufficient to ensure the appropriate BER value for adequate system's 
performance. The results for greater channel intervals (75 GHz, 100 GHz and 125 GHz, Fig. 
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The eye diagrams and optical power spectral densities of a 10 Gbit/s DWDM-direct system 
for broadband access after 20 km of SSMF for the same channel intervals as in the previous 
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density is broader, which results in stronger influence of CD on the signal quality. This leads 
to greater degradation of the optical signal, which emerges as a larger standard deviation 
and jitter for “0” and “1” levels in eye diagram. Similar to the above, a 50 GHz channel 
interval is sufficient to ensure the appropriate BER value for normal performance of the 
system at 10 Gbit/s transmission speed; the spectral efficiency is in this case improved from 
0.18 bit/s/Hz to 0.2 bit/s/Hz. 
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Figure 12. Eye diagrams (a-e) and optical power spectral densities (f) of 10GE optical signal after FBG 
with 55 GHz FWHM bandwidth for different CW laser wavelength offset shown in inset 
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Figure 14. Eye diagrams (a–e) and optical power spectral densities (f) of 2.5 Gbit/s DWDM-direct system 
realized with a 55 GHz FBG after 20 km of SSMF for different channel intervals (shown in insets).  

 
Figure 15. Eye diagrams (a–e) and optical power spectral densities (f) of 10 Gbit/s DWDM-direct 
system realized with a 55 GHz FBG after 20 km of SSMF for different channel intervals (shown in 
insets). 

4.3. Channel number enlargement: numerical evaluation 

Simulation scheme is shown in Fig. 3. Channel count of simulation scheme depends on 
simulation setup. Two, four and eight channels were chosen balancing between total 
capacity on one hand and physical limitations on the other. 
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The main idea of simulations is to demonstrate the possibility of channel number 
enlargement for FBG filter with 55 GHz FWHM bandwidth in DWDM-direct transmission 
system for broadband access. 

Fig.16.a-c. depicts out power spectral densities and eye diagrams of 2.5 Gbit/s DWDM-direct 
transmission system with different channel count after 20 km of SSMF and Fig.16.d. shows 
BER dependence on distance for 50 GHz FBG. We can see that adjacent channel isolation 
value (~ 30 dB) for 55 GHz FBG is sufficient to realize reliable transmission at eight channel 
case. In this case influence of adjacent channel caused impairments is minimized by proper 
optical band-pass filter parameter selection.  

 
Figure 16. Power spectral densities and eye diagrams of 2.5 Gbit/s DWDM-direct a) two channels, b) 
four channels, c) eight channels system after 20 km of SSMF and d) BER vs. Distance with 55 GHz FBG 
optical filter. Results obtained at the worst channel. 

Fig.17.a-c. depicts out power spectral densities and eye diagrams of 10 Gbit/s DWDM-direct 
transmission system with different channel count after 10 km of SSMF and Fig.17.d. shows 
BER dependence on distance for 55 GHz FBG. Transmission at higher data speed is more 
affected by chromatic dispersion of optical fibre and total power budget of system is 
reduced because of greater excess loss in MZM and lower receiver sensitivity for 
appropriate BER threshold. 
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Figure 17. Power spectral densities and eye diagrams of 10 Gbit/s DWDM-direct a) two channels, b) 
four channels, c) eight channels system after 10 km of SSMF and d) BER vs. Distance with 55 GHz FBG 
optical filter. Results obtained at the worst channel. 

5. Conclusions 

As we can see from the results, the proper selection of optical filter amplitude transfer 
functions is of great importance. In this investigation influence of adjacent channel caused 
impairments is minimized by proper optical band-pass filter parameter selection. Reliable 
transmission is realized for 2.5 Gbit/s and 10 Gbit/s DWDM-direct with 55 GHz FBG for 20 
km of SSMF. 

Results show that DGD value within filters pass-band does not exceed 70 picoseconds for 
FBG with 50 GHz FWHM bandwidth. DGD value increases at the edges of the optical filter 
amplitude transfer function which could be a degradation factor for optical signal 
transmitted through device. Furthermore efficient bandwidth was evaluated for FBG 
devices employing optical signals with different transmission speed. Efficient bandwidth of 
55 GHz FBG device was 0.4 nm or 50 GHz for 2GE optical signal and 0.2 nm or 25 GHz for 
10GE optical signal. 
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We have realized a DWDM-direct system for broadband access that includes FBG filter with 
55 GHz FWHM bandwidth. From the measurement results we found the minimal channel 
interval for the 55 GHz FBG to ensure reliable data transmission, and therefore were able to 
increase the spectral efficiency of the whole DWDM-direct system for broadband access. In 
2.5 Gbit/s and 10 Gbit/s DWDM-direct systems with 55 GHz FBG the detection of both 
signals were observed for a 25 GHz channel interval. To achieve single-channel detection 
and suppression of the adjacent channel’s power level the channel spacing was increased to 
50 GHz. As a result the spectral efficiency of the 10 Gbit/s DWDM system with 55 GHz FBG 
was raised from 0.18 bit/s/Hz to 0.2 bit/s/Hz. 
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