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Preface

Optical fibers are of great interest for scientific and technological applications, 
especially in communications systems. 

In the first section on technology, Chapter 1 discusses the technology that has been 
developed to generate better optical fiber products with increased transmission 
speed, such as multi-core fibers. Increased transmission rates can be achieved via 
the use of space division multiplexing, allowing for an increase in the information 
in one optical fiber. Of course, a multi-core fiber must be coupled with specific 
electronic and optoelectronic devices to increase its performance.

A wide variety of fiber devices can be created by adding special coatings on tapered 
sections of optical fibers. Chapter 2 presents the fundamentals for the fabrication of 
tapered optical fibers coated with functional polymers. Here, the required aspects 
of light propagation in tapered sections of optical fibers are introduced and the 
relevant parameters enabling light interaction with external media are discussed. A 
special case of interest is the addition of polymeric coatings with prescribed thick-
nesses in the tapered sections allowing for adjusting the light propagation features; 
using liquid polymer coatings with varying thicknesses along with the taper profile 
that can be tailored for tuning the transmission features of the devices. The chapter 
also presents a methodology for obtaining coatings with predefined geometries 
whose optical properties will depend on the polymer functionality.

Optical fiber networks are the standard applied for high-bandwidth customers. 
Various access technologies to business networks with very high bandwidth to 
access networks for buildings and individual consumers have emerged. Chapter 
3 discusses the optical network connections inside buildings for commercial and 
domestic users, including the use of optical glass fibers or/and polymeric optical 
fibers in different network topologies in connection to high-speed actual WIFI 
technologies.

The second part of this book is dedicated to the application of optical fibers 
in communications. Chapter 4 deals with coded modulation and impairment 
compensation techniques in optical fiber communication. Probabilistic shaping 
is a new coded modulation technology that can reduce transmission power by 
precoding, reducing the bit error rate, and improving communication rate. In this 
chapter, a probabilistic shaping 16QAM modulation scheme based on trellis-coded 
modulation is proposed. Experimental results show that this scheme can achieve 
better optical SNR gain and BER performance. On the other hand, to meet the 
demand of transmission rate of next-generation high-speed optical communica-
tion systems, multidimensional modulation and coherent detection are suffi-
ciently applied. 

Nowadays, due to the renewed demand on data bandwidth imposed by the 
upcoming capacity crunch, the optical communication (research and indus-
try) community has oriented its effort to space division multiplexing (SDM), 
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particularly mode division multiplexing (MDM). This is based on separate/inde-
pendent and orthogonal spatial modes of optical fiber as data carriers along with 
the optical fiber. Chapter 5 reviews the potentials of harnessing SDM as a promis-
ing solution for next-generation global communications. The study is focused on 
different SDM approaches and specifically addresses MDM (different modes in 
optical fiber). 

Because of their versatility in different areas of science and technology, optical 
fibers have many important applications, as outlined in the last part of the book. 
Chapter 6 discusses the use of optical fiber tweezers for the assembly of living 
photonic probes, which are versatile tools for optical trapping and manipulation 
that have attracted much attention in cell trapping, manipulation, and detection. 
The assembly of living cells using optical fiber tweezers has attracted significant 
attention. Advanced achievements have been made on the assembly of fully bio-
compatible photonic probes with biological cells, enabling optical detection in a 
biological environment in a highly compatible manner. Living photonic probes can 
be assembled by trapping and assembling multiple cells using optical fiber twee-
zers. These photonic probes exhibit high biocompatibility and show great promise 
for bio-applications in bio-microenvironments.

Optical fiber sensing research has been extended to the area of detection of micro-
organisms such as bacteria, viruses, fungi, and protozoa. The validation of optical 
fibers in bio-sensing applications can be observed from the growing number of 
publications. Chapter 7 provides a brief picture of optical fiber biosensors, their 
geometries, and the procedures for their development. 

Integration of optical fibers with optoelectronic devices is a very important 
application. In terms of communication systems, they are integrated with one or 
two technologies, as is the case for automation, image processing, and embedded 
systems. Chapter 8 is dedicated to recent results of artificial intelligence (AI) and 
photonics integration. Nowadays, photonics are used with AI to facilitate ultra-fast 
AI networks to offer a novel class of Information Processing Machines (IPMs). 
The chapter demonstrates the implementation of photonics for AI utility and AI 
for photonics. In this category, a dual-core photonic crystal fiber (PCF) integrated 
with AI is proposed, which serves to identify infected human cells. This proposed 
design of PCF is providing relative sensitivity and confinement loss in an optimized 
manner with the impact of AI.

The numerical approach for characterizing some applications is a very important 
tool. The final chapter of this book considers differential equations and analyzes 
methods with Opto-Electronic Oscillator (OEO) modulation with direct and exter-
nal modulation. The complexity of both approaches is related to the non-standard 
way of description of the nonlinear method modulation for the internal (direct) 
structure and the utilization of the specific Mach-Zehnder modulator for the first 
stage of external modulation. The purpose of the presentation is to consider the 
main features of OEO as a low-noise generator. This includes consideration based on 
the study of differential equations, the study of transients in OEO, and the calcula-
tion of phase noise. It is shown that different types of fibers with low losses at small 
bending radii can be used as a FOLD in OEO. 

This book was made possible thanks to the effort and dedication of research-
ers worldwide that want to share their knowledge with the world, facilitating 
the spread of different possible innovative experiments and technological 

IV

developments. In that sense, this book covers a good diversity of topics from fiber 
optics technology development to communications systems and some applications 
for scientific research and technological devices.
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Chapter 1

Multi-core Fiber Technology
Muhammad Irfan Anis and Hamdan Ali

Abstract

Traditional single-mode fiber capacity issues will be mitigated by using
space-division multiplexing in future 5G, IoT, and M2M networks. Multi-core fibers
are expected as a good candidate for overcoming the capacity limit of a current
optical communication system. This chapter describes the recent progress on the
Multi-core fibers technology for the application of high capacity space-division
multiplexing to be utilized for long-distance transmission systems. Further various
optical approaches that enable key functions are discussed, including SDM MUX/
DeMUX, switches, transceivers to enable next generation optical network. More-
over, issues like crosstalk, non-linearity is a potential limitation on the achievable
data-rates in optical fiber transmission systems using multi-core fibers will be
discussed.

Keywords: All-optical signal processing, Crosstalk, Fiber capacity, Optical
Network, Space division multiplexing

1. Introduction

Internet traffic infrastructure is underpinned by optical transmission systems
and networks [1]. However, continuous supply of new services like video on
demand, Virtual Reality and Augmented Reality have rising data volumes needed to
satisfy the requirements of industry, academics, governments, and people presents
new challenges to optical communication infrastructure [2]. Fiber-optic communi-
cation systems based on conventional single mode single core fibers (SMF) are
almost saturated due to amplifier bandwidth, nonlinear noise, and fiber fuse phe-
nomena due to this it’s capacity consumption will be beyond capacity limitations by
the year 2022 [3]. As a result, researcher has led to a steady push for new, higher
bandwidth optical fibers that can replace the SMF.

Space division multiplexing (SDM) methods is one of the potential capacity
expansion strategies for an optical transport network. It is transmission fibers that
enable concurrent parallel data transmissions on multiple cores in a single cladding
or several cores inside a single core to improve speed and data rate [4]. The first
demonstration of an SDM link consisting of standard cladding diameter surpassing
the typical size of 125 μm 7-core MCFs, highly efficient MC-EDFAs, and MCF
connectors transmission above 100 Tbit/s across a 316 km has occurred and con-
siderably greater capacity tests such as over 1 Pbit/s and 1 Ebit/s�km were
performed using single mode multi-core fiber [5]. SDM fibers are defined as multi-
core fibers (MCFs) and few-mode fibers (FMFs) or multi-mode fiber (MMF) [6].
MCF and multi-mode fiber technologies provide for additional fiber capacity pro-
portional to the number of cores and modes per fiber [7]. Single-mode cores,
contained in a shared cladding, are employed independently in the former. An FMF
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has one core, which enables several optical modes, each of which may transmit data
independently. MCF is a promising technology for providing enormous bandwidth
and capacity with regard to information [8]. The MCF help facilitate the data
transmission and the transmission of power in high power devices. Multi-core fibers
have many positive attributes over conventional fibers: they have significantly
decreased core separation and are very regular when compared to free-standing
fibers, and they also provide a monolithic package with several fiber features [9].
Moreover, multi-core fibers that allow a few-mode core to combine the fibers
results in an extra 100 optical channels in each transmission, as well as throughputs
of over 1 Pb/s [10]. Recently MCF-based fiber-optic transmission, a capacity of 1
Pb/s per 32-core fiber has been achieved [11].

Multi-Mode-Multi-Core Fiber (MM-MCF) significantly increases the number of
spatial channels to 114 or more, and transmission of 10 Pbit/s was achieved utilizing
this multi-mode MCF. Despite these benefits, the MCF may have limitations such as
crosstalk (XT), non-linearities, dispersion, and so forth. Over long distances, the
accumulation of MCF crosstalk may be the most limiting issue influencing the
performance of an optical communications system. As a consequence, in recent
years, research in this field has been driven by the development of ultralow
crosstalk MCFs [12]. The impact of XT on MCF system capacity and range has
recently been studied [13]. However, the results vary with modulation format and
transmission reach, leading to the general notion that different network applica-
tions, from short-range to ultra-long haul, need different MCF designs. Standardi-
zation and mass production are essential for widespread commercial usage of
emerging technologies like MCF. An XT standard per unit length of 55 dB/km has
been proposed [14]. In an MCF system, the performance penalty must be evaluated
against a non-XT system, regardless of unit size (i.e., a fiber bundle instead of an
MCF). Capacity and reach penalties are required. Calculation on an optimal MCF
core density for long-distances-independent crosstalk specifications have been
done. The crosstalk process was originally described in [15], although the majority
of crosstalk on a fiber is continuous, it is at discrete places where crosstalk amplifies
the most, when core matching circumstances occur. Since the locations and phases
of these sites may change randomly, crosstalk in MCFs follows a random chi-square
distribution with 4 degrees in time and wavelength [16].

Using MCF’s nonlinear distortions for power-over-fiber operations poses a
number of challenges. The structure of MCF, which enables for high-power signal
transmission via the fibers, has lately received attention. It is recommended that
image processing be used; therefore, the present limitation of single mode fiber
must be overcome [17].

A 7-core MCF with reduced inter-core crosstalk was used for trans-oceanic
transmission. Using MCF and a spectrum efficient modulation scheme, 201 x 100
Gbit/s transmission across 7326 km produced a capacity-distance product surpass-
ing 1 Exabit/skm [18]. These systems propose the MCF as one of many optical
transmission techniques.

To transmit 52.2 Tbit/s across 10230 km, the CDP for SM-SCF transmission is
534 Pbit/s/km. The transmission rate was 1.03 Ebit/s km/h [19]. A preliminary test
using seven spatial channels and PDM-QPSK yielded 53.3 Tb/s [20]. Using 8 spatial
channels with PDM-8PSK, the capacity was 83.33 Tb/s. MMF allows transmission
distances up to 1200 km (3 spatial modes x 40 Gbit/s DP-QPSK) and 13.9 Pbit/skm
(CDP with MMF)[21]. Uncoupled MCF allows for considerably longer transmis-
sion. The 1500 km transmission used a propagation-direction interleaved design to
minimize interference between neighboring cores [19].

This chapter investigates MCF-based novel technologies for creating next-
generation optical networks. We first examine the roadmaps towards optical fiber
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and examine why there is a need for MCF. We also highlight the newest reports’ in
MCF paradigm covering design and application. Looking into the main technology
as a key functional building blocks for next generation optical communication.
Next, we demonstrate the experimental setup of MCF. In last section describe the
MCF limitation before conclusion.

2. The roadmaps towards fiber optics

The global proliferation of hyper photonics, intelligent photonics and frontier
wireless communication need an increasing data capacity of tens of percentage each
year. Services including IoT, M2M, sensor networks, and linked vehicles will need
even greater bandwidth to expand capacity and find more efficient connections via
high-speed optical fiber networks, as Figure 1 shows the innovation technologies.
As a result, the forthcoming growth in data transmission will exceed the SMF’s
maximal transmission capacity due of its low loss and optical amplification of the
transmission window. Traditional SMF cannot be ignored in DWDM transmission
systems with Raman amplification [23]. An increase in optical infrastructure is
required to meet capacity constraints. Introducing extra optical fibers and cables is
considerably simpler when contemplating an alternate technology. The future
capacity constraint may be averted simply by creating more SMFs. Thus, construc-
tion/renewal of the physical infrastructure would be required, which would add to
the total expenses. SDM, a fifth physical dimension, may supplement time, wave-
length, frequency, and polarization multiplexing, thereby easing future capacity
problems [24].

Figure 2 shows the progress of cable density. 400-pair copper, 400-fiber ribbon,
and 400 rollable fiber ribbon cables are indicated by black, blue, and red dots. A
solid green line indicates the numerical limit for a hexagonally packed 250 mm fiber
bundle with a 2 mm cable sheath [24].

The two spatial dimensions of mode and core are used in the design of optical
fiber. MCF stands for multi-core fiber division multiplexing, while MMF stands for
multi-mode fiber division multiplexing. For understanding description of a 2D
representation of modes and cores inside optical fiber shown in Figure 3. With
proper use of modes or cores, it is possible to surpass the present geometric limit of
conventional optical fiber cable. Using the modes and cores in tandem will almost
triple the spatial multiplicity. This recent study concludes that 6-mode and 19-core
fiber can provide over 100 spatial channels [25]. It’s required that a complicated
transmission strategy be used because of the mode coupling and/or mode-
dependent transmission properties in optical fiber. Also, MCF has been constantly
studied and was pioneering in [24]. MCF is especially capable of using the newest

Figure 1.
History of optical network innovation technologies [22].
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single-mode technologies. Here, we’ll talk about MCF and the capacity of MCF as an
SDM transmission medium.

Signal mixing and propagation time skew are two important characteristics of
SDM fibers that have a direct effect on transmission performance. SDM fiber
groups are provided by two mixing levels. First, there are uncoupled MCFs (UC-
MCFs), few-mode fibers, or few-mode MCFs, which mix signals from several
spatial channels during transmission and have minimal inter-core coupling to min-
imize inter-core crosstalk (XT). Both the first group randomly coupled MCF (RC-
MCF) and the second group randomly coupled MCF (RC-MCF) have significant
random mode mixing between modes (RC-MCF). UC-MCFs have greater spatial
channel density than SMFs with traditional transceivers. To compensate for random
coupling, RC-MCFs need MIMO digital signal processing (DSP). However, random
coupling may decrease spatial mode dispersion and therefore the MIMO DSP’s
computational complexity. Other core/mode-dependent restrictions are also
prevented by random coupling [26, 27].

MCF with a 125 mm cladding diameter is needed to start MCF tech. A 125 mm
cladding diameter MCF design that is optically compatible with current SMF.

Figure 2.
Evolution of communication cable density over time [7].

Figure 3.
Schematic image of the two spatial dimensions of mode and core in optical fiber [24].
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Table 1 depicts conventional MCFs provided by Sumitomo Electric, as well as
prototype MCFs created by the company via joint research.

2.1 Need for multi-core technology

The restricted bandwidth of low-loss transmission and optical amplification, as
well as transmission power limitations due to fiber non-linearity, make expanding a
single optical fiber’s transmission capacity challenging. A growing need for higher-
capacity optical fiber communications Figure 4 shows high-capacity optical fiber
transmission test results. Due to the limitations of single-mode single-core fiber, the
maximum capacity is 100 Tbit/s. This high-capacity fiber capacity was achieved
using MCF. SDM plus MCF or MMF may be able to outperform single-core fiber
transmission systems [12, 26, 29].

3. MCF paradigm

This section investigates the design and the achievements in MCF technology,
which seem promising in the short term yet have certain unknown risks.

3.1 Design of MCF

Due to fiber bandwidth depletion and the development of SDMF as a possible
alternative to address extra capacity, the spectrum capacity of SSMF is nearing its
end. The long-term goal of SDM is to increase the number of fiber cores, guided
modes, or both. MCF has many cores in a single optical cable. The core of a
conventional single-core fiber is positioned in the center of a 125-m diameter clad-
ding, limiting design freedom. The MCF’s success is dependent on more than simply
the number of cores. MCFs enable the designer to optimize core design, the number
of cores, core arrangement, outer cladding thickness, and cladding diameter in
terms of optical and mechanical properties. Fiber design is required based on the
application because desirable features differ. SMFs currently have a single fiber core
surrounded by 125 mm cladding and coated. Greater cores with the same cladding
or larger core diameters allow for more fiber capacity [12]. Adding cores to the

Figure 4.
Recent reports on high capacity transmission [19].
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cladding may improve capacity, but it may need changes to the transmission system
architecture.

SM–MCF transmission experiments on FMFs have shown fibers with as many as
32 and as little as 45 modes. Adding multi-core fibers that enable a few-mode core to
join the fibers results in an additional 100 optical channels in each transmission and
throughputs of more than 10 Pb/s [30]. The high-capacity experimental transmis-
sion utilizing SM and FM-MCF is shown in Figure 5.

A random coupled MCF is one that is MCF if XT is compensated by MIMO DSP.
Even though the core is simple, the paired MCF is denser. Furthermore, random
coupling in the connected MCF prevents the emergence of nonlinearity impair-
ment, SMD, and mode-dependent loss/gain. In long-distance point-to-point
communication, coupled MCF is utilized. Nokia Bell Labs, Sumitomo Electric, and
Sumitomo Corporation collaborated to develop and launch new fibers [31].

Few-mode (FM) MCF fiber is a kind of uncoupled MCF (MCF with fiber
coupled together) designed for mode-multiplexed transmission. KDDI Research,
Inc. received a prototype 36-core fiber created in cooperation with NICT and
Yokohama National University. The most recent accomplishments include a 19-core
fiber that can be used in the whole C + L bands (1530–1625 nm) for long-distance
communications [37]. This fiber achieved 10 Pbit/s per optical fiber in an
experiment performed by KDDI Research [30].

The MCF has the potential to enhance data and power transmission for high-
power devices. PoF, on the other hand, need MCF due to its nonlinear aberrations.
Inside MCF, an eye-catching power transmission capacity was recently discovered.
The placement of the cores has an impact on the MCF’s performance.

Multi-core fiber architectures such as triangle, ring, square, rectangle, and
hexagon were developed after analyzing the number of cores, pitch, and power
spectrum. Many people are interested in the MCF fiber-optic structure and the
question is how it allows the transmission of powerful signals. One-mode fiber has
a lower limit imposed by the MCF and is currently limited by MCF analysis
and picture processing. The placement of the cores influences the performance
of the MCF.

Figure 5.
High-capacity transmission experiments using SM and FM-MCF [12].
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For MCF, strong and weak coupling are illustrated in Figure 6. Strongly linked
MCF has the smallest core-to-core distance, whereas weakly coupled MCF has the
most core-to-core distance. The size of the core may vary with the pitch of the core.
The effective area (Aeff) relies on the number of cores (as shown in Figure 6), and
their configuration influence the output receiving power. MCF contains several
cores with enlarged effective areas, resulting in minimal dispersion and bending
losses. The suggested solution to fiber bending losses included four air core MCF.
Figure 6 shows the five distinct MCF structures.

To provide long-distance reliable signal transmission, the XT must be less than -
30 dB/100 Km [32]. To get ultra-low XT levels, make changes to MCF structures,
such as trenching around the cores. Essentially, trenches are refractive index pro-
files with lower refractive index than the core and cladding. Trench-assisted
method is one of the noteworthy techniques that lowers the coupling between the
adjacent cores, therefore helping to minimize existing crosstalk.

With an MCF, if the number of cores in a restricted cladding area grows,
crosstalk suppression becomes a problem. XT in MCFs is decreased by decreasing
the coupling coefficient between cores. The underlying design, with strong con-
tainment of modes is critical to suppressing the mode coupling coefficient. For a
higher Aeff and lower nonlinear noise, you may choose for a higher-index core with
a smaller diameter.

It has three important geometrical features, as shown in Figure 7. The outer
cladding thickness (OCT) is the distance between the outer core’s center and the
cladding’s perimeter. Optical fiber mechanical reliability is strongly linked to clad-
ding diameter D. A higher D value increases MCF deformations before collapse.
Inter-core XT may be reduced by adjusting core and rod radius, cladding and rod
relative refractive index differences, and core-to-core distance.

3.2 Application

The MCF technologies have been gradually increasing, and now we can see
feasible commercial uses for the technologies. Practical use of MCFs will likely
occur in near future due to continuous MCF development [28]. Figure 8 illustrates
the whole growth stages of MCF technology. Larger applications in the network
such as metro and core may provide challenges to MCF implementation, because
they need a complete suite of network components other than the MCF and cable

Figure 6.
Structure of multicore fiber with coupling region and with different pattern [17].
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(e.g., optical amplifier, and node management technologies). To a large extent,
central offices and/or data centres are the primary target for MCF technology since
they are maintained and/or optimized separately by experienced operators, making
it simpler to upgrade current network components. Here, compatibility with tradi-
tional SMF is very essential, especially for connection. Then, in the second deploy-
ment phase, we use MCF P2P and/or parallel transmission technology. MCF
requires a flexible connection to the optical subsystems. Submarine transmission
systems may offer more promise because of their use of the newest technology, and
SDM might possibly achieve a power-efficient transmission system [34]. We have
finally achieved flexible and dependable SDM nodes [24].

A FORECAST predicts that data center network traffic would increase at a 25%
CAGR, with most traffic (about 70%) staying within the data center [35]. Modern
data centers utilize dense non-blocking topologies with point-to-point optical

Figure 7.
(a) A 32 core schematic structure shows three key geometrical parameters in MCF. Schematic diagrams of (b)
core index profile of heterogeneous rod rod-assisted 32-core fiber (c) trench-assisted (TA) profile, (d) hole-
assisted (HA) profile [33].

Figure 8.
Schematic image of expansion phases of MCF technology [24].
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transponder connections. Either on end servers or in slots of electronic switching
devices, data is electrically switched. This resource-intensive paradigm may cause
future data center scaling problems. Modern data center networks are increasingly
relying on optical technologies like hybrid electrical-optical switching (HEOS).
Recent demonstrations of a time-slotted pSSC and core-joint SDM optical switching
system for edge applications [36].

SDM may improve network capacity by multiplexing SMF strands, multicore
fiber cores, or even each mode of a few-mode fiber using MIMO digital signal
processing [38]. Spatial Division Multiplexing-Elastic Optical Networks will then be
the future of optical transport and data center networks (SDM-EON) [39]. MCF
front haul multiplexes MIMO signals onto a single cable, enabling multiple optical
data streams to be transmitted simultaneously. The MCF may also provide a single
optical data signal to each antenna element, with varying delays and phases. Multi-
antenna systems need MIMO and beamforming. The MCF front haul uses MIMO
signals to transmit multiple optical data streams at the same wavelength. The MCF
also uses optical data transmissions with variable phase or time delays to each
antenna element. 5G systems need MIMO and beamforming capabilities. Figure 9
shows a multi-antenna MCF-based RRH-to-remote-site connection with optical
beamforming and/or digital MIMO capabilities. These methods enhance system
performance.

The system capacity and accessible user bitrate may be enhanced by
multiplexing MIMO data streams. A 22 MIMO LTE-A transmission using MCF
technology was evaluated early. This research adds 44 MIMO transmission
supported by a 4-core fiber capable of feeding four AEs concurrently. The M(22)
arrays allow 5G systems to control multiple groups of four AEs. MCF may be used to
reduce the size and complexity of beamforming systems. A same data signal is
supplied by four separate AEs with varying delays, as shown in Figure 9. MCF
aligns all optical lines in the beamforming system, simplifying the network [40].

In [36], Making fiber bundles revealed a 19-core MCF. A 7-core MCF Micro-lens
array (MLA) claims 47.8 dB return loss and 0.87 dB insertion loss. Tapers were
made, then cut apart to make fused fiber. Non-mode-selective, in which the modes
spin on the device itself, and mode-selective, with minimal unitary rotation
between modes. The most common components were lamps, phase plates, PLCs,
and then mode selective PLCs. Ultrafast laser inscription can produce low loss 3D
waveguides in conventional optical glass for MCFs. 3 mode FM-MCF fiber with
average IL 0.92 and homogeneity 0.1.

SDM enthusiast offered considerable flexibility in fiber light mixing, integrated
sensors and controllers. MCF technology has also been used to construct optical
fiber sensors, which make them excellent for industrial applications. High

Figure 9.
(a) A multi-antenna site application scenario in which the RRH is linked to the antenna components through
MCF. Examples of four-antenna systems with (b) spatial multiplexing using 44 MIMO (4 distinct data
streams coded in 4 layers) and (c) 41 beam forming (4 antennas transmitting the same data with different
delays) [40].
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temperature sensing to 1000°C using MCF optical sensors with a typical tempera-
ture sensitivity of 170 pm/°C Mach–Zehnder (MZ) interferometers may be fabri-
cated by employing MCFs since the slopes of the resultant interference peaks are
steeper. Until quite recently, many MCF optical sensors used inefficient methods to
throw light into the multi-arm MZ, causing substantial losses for QI processing [41]
use novel tapering methods to construct the multi-arm MZ directly into a specially
built MCF.

4. Key functional building blocks for next generation optical
communication

Aspects of future network and technology MCF also requires FI/FO devices,
connections, amplifiers, and integration technologies. This section covers the opti-
cal network equipment relevant to this research.

4.1 Space division multiplexer/demultiplexer

MCF technology uses SDM MUX/DEMUX. There are now numerous options,
each with its own footprint, cost, capabilities, multi-mode affinity, etc. An SDM
multiplexer or demultiplexer effectively links light between SMF fibers and SDM
fiber modes or cores. Spatial MUXs are needed for SDM studies and may be used to
link SMF and SDM networks in the future. This connection has been suggested in
many creative ways. Direct and indirect coupling methods are widely classified. The
optical signal is fully confined inside a waveguide during connection. Figure 10
shows two typical layouts. As illustrated in Figure 10, the SMF cladding diameter is
tapered to splice a bundle of SMFs to the SDM fiber. A photonic lantern is made by
compressing MCF or SMF cores into an FMF. Alternatively, an unneeded

Figure 10.
Fiber bundle, waveguide and free space MUX for MCF and FMF respectively [12].
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waveguide may be used. Inscribed light-guiding cores on a tiny glass block form the
waveguide [12].

Figure 10 shows the inscribed cores in the waveguide output plane separated by
the MCF core separation. Input and output SMF arrays are connected using UV-
cured glue. In addition to fiber producers, Chiral Photonics uses the fiber bundle
technique often. Optoscribe’s commercialized 3D waveguide technology is easy to
incorporate with photonic integrated circuits (PICs). Indirect coupling uses bulk
optics like lenses and prisms [12].

4.2 Transceiver

Transceivers are devices that combine the operations of a transmitter and a
receiver into a single unit. They connect the network to a computer module in both
directions. Their duty is to generate optical signals and then convert them to elec-
tronic data. Aside from the form factor and connectors, the optical and electrical
properties are significant factors to consider throughout the selection process. The
transmitter determines the wave properties of the transmission. The wavelength,
spectral breadth, and transmission power are all critical parameters. Other trans-
mitter characteristics include wave modes, reflections, and so on. To receive an
optical signal, the receiver must be set to the proper wavelength. Furthermore, the
signal’s polarization and power must be compatible. Photo-diodes and other light-
sensitive semiconductors transform optical impulses into electrical signals that may
be monitored for data extraction. The received power must be within the detector’s
permitted range. If the power is too low, it is impossible to differentiate between
signal and thermal noise, resulting in a poor signal-to-noise ratio. The detector gets
overwhelmed if the received power is too high. Modulations of the luminous flux
are not detectable. Overloading may permanently harm the detector and should
therefore be avoided [42].

4.3 Connectors

Connectors are devices that connect optical wires. Connectors are required for
SDM systems such as fusion splicing in terrestrial and submarine trunk networks.
For a variety of cable types and transmission methods, many connection types have
been created. Due to the fiber break, the link transmission is lossy. Lenses, end
polishing, and forms are utilized to decrease attenuation. M-type connections were
used for 7-core MCFs with an IL of 0.13 dB and a 500-fold improvement in MTBF.
A multi-fiber MPO connection with over 40 dB return loss and 0.85 dB IL. A 7-core
MCF connection with a return loss of 45 dB and an MPO connector for four 7-core
fibers with a return loss of 0.3 dB are also shown in the study.

4.4 Amplifiers

Erbium-doped MCF amplifiers may be constructed utilizing separate pump lasers.
Sharing pumps across multiple cores enhances power efficiency. Another approach is
to pump the MCF’s cladding, which is outfitted with multi-mode lasers. To achieve
greater efficiency than an array of SSMF EDFAs, more power must be injected [43].

4.5 Switches

A network’s heart is comprised of switches. Switches manage signal paths
between nodes. In traditional copper networks, this routing is based on data packet
IDs. Routing in optical networks, on the other hand, may be based on physical
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signal properties. This may be the wavelength in WDM or the core in multi-core
fiber transmission, for example.

Figure 11 is an example of a signal route in a switch. All the linked wires has
seven cores. Every signal has its own core. When routing a signal, it may be done
dynamically or statically. The physical routing technique is switch-dependent,
which means that different switch types will have different methodologies. Due to
physical coupling effects between the various cores, the range of multi-core fiber
technology is limited to km. The limited flexibility of single-core fibers is distinct
from that of multi-core fibers [44].

Low-speed SDM optical switches are already promising technologies, and pre-
liminary work on SDM optical switches based on MEMS or LCoS technologies has
been done. This will benefit WAN networks that need high-layer packets to be
routed directly into the optical domain. Optical fast-switching networks have never
achieved broad adoption owing to building difficulties, quicker signal degradation,
and lower-cost electronics.

These switching granularities arise from the spatial component of SDM net-
works: Space granularity (joint switching) is needed when all modes intermix.
Fibers like FMFs have full wavelength granularity in fractional space. Recently,
several papers on SDM optical switches have appeared. In [36], a heterogeneous
WSS switches spatial channels in an FMF, SSMF array, and SC-MCF. [36] claims a
three-port four-core MCF WSS for SDM with 34 dB crosstalk and IL under 2.2 dB.
Reference depicts a silicon PIC with a 7 7 switching matrix (MZIs) with an insertion
loss of [4.5, 7.0] dB. Acoustic-optical crystals may also be used to create SDM
optical switches. Figure 12 depicts a CJ-AOM switch for 7 spatial channels. A
10 second switching time with an insertion loss of 10 dB.

There are spectrum resources in each core in SDM-EONs. All Spectrum slots are
created equal. Following the spectrum contiguity requirement implies the whole
service must utilize the same spectrum slots along the lightpath. To keep spectrum
continuity constraint in a fiber, service spectrum slots must be continuous in the
spectral dimension. The OFDM method should be used for each core to enhance
spectrum efficiency. Spatially and spectrally resolved optical switching fibers are
made as shown in Figure 13. In the optical switching fabric, core, fiber, and spec-
trum switching may be accomplished, which enables flexible channel addition,
removal, and wavelength-level granularity channel switching. A transceiver pool
supplies the necessary sub-transceivers for the different communication

Figure 11.
Core switching with spectrum contiguity within an optical network that uses multi-core fiber transmission.
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requirements. To overcome the spectrum contiguity restriction, spectrum slots in
the switch fabric may be swapped between various cores. To summarize, it is
possible to flexibly move signal cores without losing spectrum.

5. Limitation

Researchers all around the globe are working to reduce problems in order to attain
ultra-low signal distortions in fiber optic technology [45]. However, high-capacity
transmission systems place extra importance on network reliability [46]. It has gotten
a lot of attention as a promising technique for dealing with the capacity limitations
that are associated with single-core SMFs and cable size limitations like in datacenter
networks and Passive Optical Networks (PONs) (which require high fiber count and
high-density). Also, MCFs provide redundant signal lines and primary signal lines,
which enable them to construct extremely dependable networks [47].

5.1 Cross talk

MCF is currently actively researched for SDM. SDM-based long-haul transmis-
sion requires low-crosstalk (XT) architecture. MCF transmission presents an

Figure 12.
(a) Core-joint electro-absorption switch diagram, (b) core-joint acousto-optical modulator switch diagram,
and (c) core-joint mirror switch diagram [36].

Figure 13.
Spatially and spectrally resolved optical switching fabric.
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immense difficulty because to crosstalk, which may decrease the quality of optical
data, caused by unintentional coupling between cores running in the same direction
and wavelength, as shown in Figure 14.

Transmission is hampered by crosstalk in an MCF-based optical network, which
may be reduced via power and mode coupling. So cladding widths vary. The clad-
ding’s strength decreases with increasing diameter. Each of these parameters must
be changed. The MCF inter-core crosstalk is now calculated using coupled-mode
and coupled power theories. First, MCF systems must agree on allowable crosstalk
per length. Modern coherent optical communication systems have MCF crosstalk
requirements regardless of transmission distance. Tolerable crosstalk has penalties
for capacity, reach, universality transponder installation, and system link
implementation [48, 49].

Ratio-reach trade-off of optical transponders capable of fine-tuning their
modulation format to the channel circumstances through methods like probabilistic
constellation shaping (PCS) for Nyquist pulses,

SE ¼ 2: log 2 1þ 1
ηTRX

PS

ηLPASE þ χP3
S þ kPs

� �
" #

(1)

where SNR ¼ PS

ηLPASEþχP3
SþkPsð Þ.

Ps is the per-channel (dual-polarization) signal launch power, and PASE is the
per-channel (dual-polarization) amplified spontaneous emission power. For exam-
ple, non-perfect amplification causes noise enhancement, beginning with PASE as
the ASE from ideal distributed amplification. The parameter represents nonlinear
interference noise (NLIN) and is calculated utilizing [50] formalisms. It indicates
the average XT power due to other signals co-propagating at the same wavelength
in different MCF cores. In the low coupling regime studied here, XT may be
represented as AWGN, k increases linearly with distance, and interactions between
XT and fiber nonlinearities can be disregarded.

MCF optical network crosstalk research for spectrum and fiber core allocations
are many. As a consequence, to reduce crosstalk, all of the methods suggested
reduced network capacity. A nearby core is already transmitting data on the same
wavelength, therefore they do not send data on it. Recent work in [51] shows that
optical signal counter-propagation across MCF cores may decrease crosstalk.

Figure 14.
(a) Mechanism of inter-core crosstalk, (b) time evolution of XT, (c) histogram of XT [12].
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Figure 15 shows XT’s stochastic nature. The ensemble average X is characterized
by the unpredictability of its behavior. The values of X are present in the MCF
literature, but not explicitly stated. The instantaneous frequency of light is constant
while the spectrum of the signal light is flat. Components of XT components that
are sufficiently broad act as Gaussian noise, also called ASE noise, or nonlinear
interference noise.

5.2 Non linearity

As a result of the numerous nonlinear distortions, the traditional single mode
fiber properties are harmed. Many kinds of SDM fibers have been proposed. In all
optical transmission and network scenarios, no single SDM fiber seems to be better
than parallel SMF or ribbon fiber. To mention a few, connected core MCFs (CC-
MCFs) have shown to be more resistant to non-linearity, resulting in a longer
transmission distance as well as processing and amplification benefits. However,
FMFs or FM-MCFs have more spatial channels per cladding diameter, making them
more suited for short-distance, high-capacity connections [12, 17].

5.2.1 Self phase modulation (SPM)

The intensity dependence of the refractive index is the main source of SPM (i.e.
optical Kerr effect). The change in refractive index as the signal passes through the
fiber. Positive and negative refractive index gradients have leading and trailing edges.
The total load at the user end of a PoF connection is dictated by the PV cell’s
conversion efficiency (detector). Eq. (2) states the mathematical connection, Eq. (3).

Pload ¼ Pin ∗ ηpv (2)

Pin ¼ Pload

ηpv
(3)

The nonlinear phase change due the SPM is given by the Eq. (4).

φnl ¼ knl ∗Pin ∗Leff (4)

Figure 15.
Schematic diagram explaining stochastic behaviors and statistical parameters of XT in MCF [28].
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Where knl denotes the nonlinear component of the propagation constant and Leff
denotes the effective length. The following phase equation may be recast in terms of
Pload, demonstrating that the nonlinear phase distortion in Eq is caused by load
power (5).

φnl ¼ knl ∗
Pload

ηpv
∗Leff (5)

5.2.2 Cross phase modulation (XPM)

It is a nonlinear optical phenomenon produced by intensity changes in refractive
index. XPM is guided by SPM since both rely on the refractive index and intensity
of separate transmission pulses. Asymmetric spectrum broadening and signal dis-
tortion are caused by power and refractive index changes. The effective refractive
index is given by Eq. (6).

ηeff ¼ η lþ ηnl
Pin

Aeff

 !
(6)

This is the linear component of the refractive index profile. Similarly, as seen in
Eq., the propagating constant is defined as linear and nonlinear (7)

keff ¼ kl þ knl ∗Aeff (7)

The effective refractive index and propagation constant are proportional to the
effective area. It is possible that the number of cores required for high power
applications has a substantial effect on the link’s nonlinear distortion. Also in Eq.,
the core multiplicity factor [21] and N-number of core and D-cladding diameters
define the Aeff (8)

Aeff ¼ CMF ∗
D
2

� �2

∗ π

" #
=N (8)

Thus the Eq. (7) can be re written

ηeff ¼ ηl þ ηnl
N

CMF ∗ D=2ð Þ2 ∗ π (9)

According to Eq. (9), the effective refractive index (cause of XPM) is likewise
affected by the number of cores in MCF.

5.2.3 Stimulated Raman scattering (SRS)

MCF has a large doped area where several optical beams may propagate. SRS is
created when nonlinear acoustic vibrations interact with optical photons. The
overlapping of the signal and pump electric fields at different excitation settings
determines SRS efficacy. The effect of SRS for MCF for PoF connection has not
been investigated. Because Aeff and Leff influence threshold power, the number of
cores, cladding diameter, and input pump power impact output power. Long-
distance transmission weakens power signals, and optical beams’ frequency changes
downstream, producing signal loss [52].
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5.2.4 Stimulated Brillouin scattering (SBS)

The performance of every optical link is affected by scattering. The number of
cores improves the fiber’s high power transmission capacity while decreasing the
back scattered photon power, which influences the medium’s nonlinearity and the
acoustic photon. Within the core region, both weakly and strongly connected cores
may be linear, triangular, rectangular matrix, tightly spaced hexagonal, or any other
symmetric or asymmetric structure. The small core pitch type fiber has the greatest
crosstalk and possible photo interaction. A PoF connection’s maximal optical power
transmission is limited by this interaction. Since the large numerical aperture (NA)
is responsible for beam diffraction, the number of cores determines the SBS thresh-
old. SBS changes depending on the medium’s characteristics (homogeneous or bire-
fringent) and the optical source. The thermally generated photon field affects the
spectral breadth. The temperature of the fiber and its surroundings induce heat
dispersion. The strain produced by internal heat may damage the fiber, reducing the
output optical power. SBS has a lower effect on MCF than single mode fiber [53].

5.2.5 Optical pulse compression

MCF uses pulse compression and combination extensively. All MCF cores com-
bine the injected optical signal. Structure and density determine signal compression.
The MCF’s nonlinearity produces self-focusing, anomalous dispersion, and wave
collapse at high power levels. Due to the constant distance between MCF cores, the
spatial non-uniformity of coupling is very important. The coupling coefficient,
which determines Gaussian statistics, fluctuates with distance. Inhomogeneity in
coupling causes phase mismatches and pulse delays that require special care [54].

5.2.6 Capacity wastage

If network capacity is bidirectional, overusing data centers wastes considerable
capacity. To minimize MCF network effects, we asymmetrically distribute the fiber
cores. It minimizes inter-core interference and allows for varying the amount of
fiber cores on each side of a fiber connection. This minimizes network capacity
wastage owing to mismatched bidirectional traffic demand. The suggested
approach is tested on the MCF optical network’s routing, spectrum, and core
assignment (RSCA) problems. Two ILP models and a graph-based heuristic method
are suggested to improve network spectrum usage [51].

6. Conclusion and future direction

Over the last decade, it has become apparent that MCF technologies are the only
viable solution to the optical network’s “capacity crunch” and other issues. Due to
fiber nonlinearity, which limits growing transmission power and amplifier band-
width. MCF should be operating by 2025. SDM’s endurance and demand for tele-
communications services must be shown. MCF just exceeded SSMF’s maximum
capacity. Increased capacity, dependability, and cost-effectiveness are required to
allow broad use. New possibilities in multi-mode, spatial coding, and efficient DSP
are anticipated to improve the performance of next-generation optical communica-
tion systems. This chapter examines the realities of multi-core fiber-based SDM
optical wiring. The most common SDM fiber is the UC-MCF. SDM fibers use MIMO
DSP to cope with modal XT.
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Bidirectional traffic demand asymmetry is growing, leading to substantial
capacity waste while building and running an optical transport network. Asymmet-
ric and counter-propagating MCF fiber core allocation is advised for MCF optical
networks. Assigning a flexible number of fiber cores in opposing directions to
reduce network capacity waste owing to asymmetric traffic demand.

Inter-core crosstalk and traffic demand imbalance are significant factors in MCF
optical network design. This network’s design reduces inter-core crosstalk and
capacity waste owing to bidirectional traffic demand imbalance.

Assemblies and PIC fabrication procedures are all part of SDM. When light
couples the fibers, the cores converge and link the PICs. It includes extending the
cores and attaching them to the PIC entrances through photonic wire bonding.
Complicated handling and fusing are needed, but time-control introduces propaga-
tion delays.

Power over fiber technique uses multicore fiber structures. This chapter exam-
ined various MCF variations. The hexagonal MCF form is recommended for high
power applications. Our MCF losses were also addressed. Nonlinear distortions in
MCF act differently than in SMF. Some nonlinearity compensating methods, such
pre-distortion, may also help reduce the impact of such distortions. The fiber cores,
modes, or a mix of both provide new difficulties and possibilities for future
research.
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Chapter 2

Functional Tapered Fiber Devices
Using Polymeric Coatings
Oscar González-Cortez, Rodolfo A. Carrillo-Betancourt,
Juan Hernández-Cordero and Amado M. Velázquez-Benítez

Abstract

A wide variety of fiber devices can be created by adding special coatings on
tapered sections of optical fibers. In this work we present the fundamentals for the
fabrication of tapered optical fibers coated with functional polymers. The required
aspects of light propagation in tapered sections of optical fibers are introduced and
the relevant parameters enabling light interaction with external media are
discussed. A special case of interest is the addition of polymeric coatings with
prescribed thicknesses in the tapered sections allowing for adjusting the light prop-
agation features. We assess the use of liquid polymer coatings with varying thick-
nesses along the taper profile that can be tailored for tuning the transmission
features of the devices. Hence, we introduce a methodology for obtaining coatings
with predefined geometries whose optical properties will depend on the polymer
functionality. As demonstrated with numerical simulations, the use of functional
polymer coatings in tapered optical fibers allows for obtaining a wide variety of
functionalities. Thus, controlled polymer coating deposition may provide a simple
means to fabricate fiber devices with adjustable transmission characteristics.

Keywords: Tapered fibers, thin coatings, polymers, evanescent wave

1. Introduction

Optical fiber-based devices and sensors have been widely used in many fields of
science and technology for different applications. In most applications, the trans-
mission of light through in-line fiber devices is modified by an external perturba-
tion and this can be quantified through variations in one or more characteristic
features of the guided optical wave. Although extrinsic interaction of the light with
the surrounding media is possible, the use of the evanescent portion of the guided
wave offers some advantages. Exposure of the optical wave to the surrounding
media in specific sections of the optical fibers is usually done by two alternatives
[1–5]: removing the cladding material, or upon tapering a section of the optical
fiber. The latter is the preferred approach to expose the evanescent wave since it
involves a simple and reproducible process yielding low-loss devices. Although the
description and basics of tapering optical fibers have been described since early 1990’s
by Birks et al. [1], new applications for these devices have been a subject of research
due to their potential use in many fields of science and technology. Some of these
applications include physical and biomedical sensing [6–10], interferometry [11],
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excitation of surface plasmons [12, 13], atom detection [14, 15], and light coupling to
micro-resonators [8, 16], just to name a few.

Tapering techniques and systems have evolved over the years resulting in opti-
mized devices and standardized processes. As a result, tapering of optical fibers has
been employed for modifying the light propagation conditions in fibers, and further
allowing for the guided light to interact with other structures or materials. The latter
capabilities allow for creating fiber-based devices incorporating coatings with con-
trolled thicknesses and different optical properties. In this chapter we present the
main aspects and basic guidelines for achieving a proper guidance of light through
tapered devices providing also adequate interaction with the surrounding medium.

1.1 Basics of light propagation in optical fibers

Light propagation in optical fibers occurs within the fiber core (radius a) fol-
lowing the total internal reflection condition from Snell’s law. Propagation condi-
tions are defined by the physical characteristics of the core and cladding sections of
the fiber: refractive indices and diameters. Due to the cylindrical geometry of the
optical fibers and the small refractive index difference between the core and clad-
ding materials, the propagating modes are obtained in a cylindrical coordinate
system (r, φ, ϕ) and in terms of Bessel equations [17, 18]. Rigorous analysis and
proper boundary conditions are used to obtain mathematical expressions describing
the components of the electric and magnetic fields for the core (r≤ a) and the
cladding (r≥ a) regions. The combination of these propagating fields allows for an
alternative description in terms of linearly polarized modes, denoted as LPlm, in
which l and m are respectively the axial and radial indices. As an example, the
electric field for the set of LP0m modes can be shown to be given by:

ELP0m ¼

E0J0
u r
a

� �
, r≤ a

E0
J0 uð Þ
K0 wð ÞK0

w r
a

� �
, r> a

8>>>><
>>>>:

, (1)

where E0 is the field amplitude, J0 is the zeroth-order Bessel function of the first
kind, and K0 is the zeroth-order modified Bessel function of the second kind. The
parameters u and w are respectively the normalized propagation and attenuation
constants, defined as:

u ¼ a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2n2core � β2

q
, w ¼ a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β2 � k2n2cladd

q
, (2)

involving the propagation constant of the guided wave (β), the wave number (k)
and the refractive indices of the core (ncore) and the cladding (ncladd). The description
in terms of the LPlm modes is very useful as these can be experimentally observed as
intensity patterns (Ilm) whose mathematical representations are [17]:

Ilm ¼
I0J2l

u r
a

� �
sin 2 lϕð Þ, r≤ a

I0
Jl uð Þ
Kl wð Þ
� �2

K2
l
w r
a

� �
sin 2 lϕð Þ, r> a

8>><
>>:

: (3)

Another important parameter to assess the modal features of an optical fiber is
the normalized frequency or V number, defined as:
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V ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 � w2

p
¼

2πa
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2core � n2cladd

q

λ
: (4)

The normalized frequency is typically used as an indicator of how many modes
are supported by the fiber. It can be shown that standard single mode fibers (SMFs)
supporting only the fundamental (LP01) mode have a V < 2:405. Hence, this
condition is typically used as an indicator of single-mode propagation in an
optical fiber.

1.2 Light propagation in tapered optical fibers

Tapered optical fibers are fabricated such that the physical dimensions of the
core and cladding are reduced, thereby modifying the light propagation conditions
[8, 19, 20]. The implication of this reduction in the physical dimensions of the fiber
is a decrease in the effective refractive index of the core and thus a change in the
light confinement. An effect caused by the core reduction is the compression of the
light inside the core, although the evanescent wave increases in magnitude. How-
ever, there is a physical limit for the core reduction since the light cannot be
effectively guided inside this region under certain conditions. After reaching this
“guiding threshold” in the dimensions of the core, light escapes to the cladding
material, which acts as the new core of the optical fiber while the surrounding
media becomes the new cladding. As a consequence, the evanescent wave is effec-
tively exposed to the external medium, granting the possibility of light interaction
with different materials or structures.

Typically, tapered optical fibers are segmented in three sections for their analy-
sis [1]: the non-tapered segment of the optical fiber, the transition and the waist sections,
as depicted in Figure 1a. The waist section of the fiber is where the fiber is tapered
down to its final diameter after which it remains constant across all its length.
Usually, the interaction or coupling to other structures or materials takes place at
this section. The transition sections of the fiber are those at which the diameter goes
from the original diameter to the tapered section, and vice versa. Although the
transition regions are commonly not used for sensing or coupling, they are signifi-
cantly important as disturbances or non-desired alterations to light can occur in
these sections. Such effects appear when the transition between diameters is not
smooth or non-adiabatic.

Adiabaticity criteria comes from the tapering angle, which must be small enough
for the fundamental mode to smoothly propagate across all the sections with mini-
mal power loss [19]. Any sudden change in the dimensions or geometry of the fiber
will provoke imminent light leaking from the core. This is avoided by performing
the tapering process at a very slow rate. Considering the case of tapering a SMF, an
adequate transition should maintain the fundamental mode through all the sections
of the tapered fiber with negligible losses. Conversely, a non-adiabatic tapering

Figure 1.
(a) Tapered optical fiber profile indicating the three zones: non-tapered, transition and waist. (b) Intensity
distributions of the LP0m modes excited in the transition section and propagating in the waist of the taper.
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process will produce a “leakage” of light into the cladding exciting higher order
modes.

The parameter used to define the adiabaticity of the tapered fiber is the local
length-scale of the taper (zt), resulting from the ratio of the core radius (rÞ over the
tapering angle Ωð Þ, expressed as zt ¼ r

Ω. Notice that both variables (r and ΩÞ vary
with length, i.e., r ¼ r zð Þ and Ω ¼ Ω zð Þ [19]. To achieve adiabaticity, the length of
the taper must be larger than the length required to couple the fundamental mode
to the predominant cladding mode. This coupling length is given by the beat length
(zb), which in turn depends on the propagation constant, β ¼ kneff , with k ¼ 2π

λ .
Thus, this variable is given by the expression [19]:

zb ¼ 2π
β1 � βCM

, (5)

where β1 is the propagation constant of the fundamental LP01 mode, and βCM
corresponds to the propagation constant of the excited cladding mode. In an axially
symmetric tapered fiber, the fundamental mode will only couple to azimuthally
symmetric higher order modes (i.e., the LP0m modes) supported by the cladding
structure (see Figure 1b).

To illustrate the phenomena related to tapering optical fibers, we will use as an
example a step-index standard single-mode silica fiber with core radius of 4.1 μm,
cladding radius of 62.5 μm and refractive index difference Δn ¼ 0:061. These are
typical dimensions for the standard telecommunication fibers that are commonly
used for the fabrication of tapered fibers for evanescent coupling of light to other
photonic devices. Upon considering an adiabatic tapering process, firstly can be
noticed that by reducing the core radius the V number is also modified. This implies
that the effective refractive index (neff) of the waveguide will be modified as well
and thus the propagation constant. The solutions in terms of the Bessel approxima-
tions yield the values of the propagation constants (β) resulting from these changes
in geometry [17, 18]. Figure 2 shows results from numerical calculations illustrating
that a reduction in the propagation constant is obtained as the core radius decreases.
Notice also that for V < 1, a sudden decrease in β occurs indicating that light cannot
be longer confined in the core and hence it couples to the cladding material. Such

Figure 2.
Variation of the normalized frequency (V) and propagation constant (β) for different core radii corresponding
to different tapering ratios. The dashed line shows the “guiding threshold” of the fiber core.
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phenomenon implies that the whole material of the optical fiber, core and cladding,
acts together as the new core of the waveguide, while the surrounding medium
serves as the new cladding. The first reports on this phenomenon mention values
for this guiding threshold VTH near 0.8 [8, 19] to achieve this condition. Our
numerical results indicate that light confinement in the fiber core is sustained
until VTH≈0:77, which corresponds to an approximate core radius of 1.55 μm, as
illustrated in Figure 2.

The intensity distribution of the fundamental mode is modified as the fiber is
tapered. For core diameters above the guiding threshold, a tighter confinement of
light within the core is achieved. However, the amount of light in the evanescent
portion of the wave increases and so its extension inside the cladding. Once the
guiding threshold is surpassed, light confinement shifts from the core to the
cladding, distributing across the entire waist material. This effect is illustrated in
Figure 3, showing light confinement at different tapering ratios. Instantly, as the
guided light is exposed to the external media, light confinement and propagation
are determined by the surrounding materials. At this stage, interaction with the
surrounding media occurs via the evanescent wave. Nonetheless, the amount of
light exposed to the external media can be tailored by defining the final waist
diameter. For a fiber surrounded by air, due to the large refractive index difference
with respect to the silica, the V number substantially increases allowing to reduce
the fiber core down to very small diameters. Subwavelength waist diameters have
been reported for tapered fiber devices in sensing and other applications [8, 15, 21].

The wavelength of light is also relevant in this phenomenon as in every
waveguiding structure. Light confinement in the fundamental mode will change
depending on the wavelength, showing a larger amount of evanescent wave for

Figure 3.
Light confinement in tapered optical fibers. Fundamental mode power evolution at different core radii
corresponding to different tapering ratios: (a) peak power and (b) power distribution. (c) Evanescent wave
extension for different tapering ratios.
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longer wavelengths. Assuming an adiabatically tapered SMF with a 5 μm waist
radius with air as the surrounding medium, the extension of the evanescent wave
will present a significant increase as illustrated in Figure 4. Hence, for a given
tapered device with specific dimensions, wavelength selection is essential as this
will change the exposure and hence the interaction of the evanescent wave with the
external medium.

Light exposure through evanescent wave is useful for the creation of functional
devices by means of adding different materials as coatings. The amount of evanes-
cent wave exposed to the surrounding media determines the range of coating
thicknesses that can be effectively used for efficient interaction depending on the
materials as well. The fundamentals of fiber coating and main aspects to consider
for the creation of devices using diverse materials as coatings are discussed in the
following sections.

2. Fiber coating

There are multiple reports using diverse techniques for coating optical fibers
with tapered sections. We will focus on a method based on the deposition of liquid
materials over specific sections of optical fibers since these are convenient for post-
processing fibers. We consider in particular the use of liquid polymers as coating
materials, since they offer a wide variety of functionalities. Polymers have been
used for recoating fiber devices such as Bragg gratings, amplifiers or splices, just to
mention the most important. Various works have demonstrated the effectiveness of
using this technique for diverse purposes [22–25], and recoating systems to perform
such task have been readily reported [26].

The process for deposition of controlled layer coatings on optical fibers using
liquid materials, such as polymers, are suitably described by the wire coating tech-
nique [27–29]. This involves the immersion of the fiber into the liquid and retrieve
it at a prescribed speed to obtain a desired thickness, as illustrated in Figure 5. The
main factors involved in this process include the characteristics of the liquid such as
viscosity ηð Þ and surface tension γð Þ, and the velocity (v) at which the process takes

Figure 4.
Wavelength dependence of the penetration of the evanescent wave of the fundamental mode to external media at
the waist of a tapered optical fiber.

32

Fiber Optics - Technology and Applications



place. The ratio of the viscosity to the surface tension, multiplied by the velocity of
the coating process, is defined as the capillary number, which allows to compare the
behavior of different liquids. This ratio is a dimensionless number defined explicitly
as Ca ¼ ηv=γ. For liquids with Ca < < 1, the resulting coating thickness (h) deposited
on a fiber of radius (a) can be obtained as [29]:

h ¼ 1:34aCa2=3: (6)

This expression holds only for Ca< 1 since the fluid dynamics are different for
larger values of the capillary number. Nonetheless, proper adjustments to this
theory can be made yielding a correction factor for the thickness [30]. This wire
coating theory has been largely investigated and described in the field of fluidics
describing in detail multiple scenarios and materials.

Given the nature of the liquids, an additional factor to consider for their use as
fiber coatings is the Rayleigh-Plateau instability [31]. This effect leads to the break-
down of the uniform layer into a periodic array of droplets. Such behavior will
always occur at characteristic time (t0) given by:

t0 ¼ 12
η rþ að Þ4

γh3
: (7)

This is an important effect that must be considered when applying liquid coat-
ings because it indicates the maximum time in which the liquid layer will remain
with a uniform thickness. Therefore, the coating must be solidified before this
characteristic time in order to preserve its shape. Hence, different polymeric mate-
rials cured by means of chemical, thermal or photo-active processes must account
for this breakdown time.

3. Coatings on tapered optical fibers

In most cases, the coatings on the tapered sections of the fiber are sought to be
with uniform thickness in order to obtain interaction with the evanescent wave.
Ideally, only the waist section of the taper should be coated, as indicated in the green
region in Figure 6a. However, there are two aspects that must be also considered
when designing the coating: the actual exposition of the evanescent wave and the
coating process itself. In practice, coating only the waist section of the tapered fiber
might represent a challenging task since the liquid to be deposited is usually
contained within a reservoir with prescribed dimensions that do not match the length
of the waist. Extraction of the fiber from the reservoir can also be a potential factor to

Figure 5.
Wire coating technique scheme. A layer of coating material (thickness h) is left on the surface of the wire (radius
a) by pulling the coating material at a constant velocity (v) through a liquid container.
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generate a non-uniform coating; this task is usually performed upon pulling the fiber
from the non-tapered section and hence liquid is also deposited in other regions of the
tapered fiber. The transition zones of the tapered fiber are therefore coated as well,
and this minimizes any perturbations generated by the reservoir.

Non-uniformities in the coating thickness are a potential source of perturbation
that may result in light leaking in the optical fiber. Given the variable radius profile
of the tapered fiber and the radius dependency for the resultant thickness given by
(6), the profile of the coating can be modified depending on the velocity of the
process. Then, two scenarios can result from the coating process: a uniform coating
along the entire fiber obtained upon adjusting the speed (Figure 6b), or a variable
coating layer using a constant speed during the process (Figure 6c). In all cases, it is
also important to consider the cross-linking mechanism of the coating polymer.

Figure 6.
Coatings on optical fibers. (a) Schematic of a coated tapered optical fiber in different regions showing the
regions where coupling from the core to the cladding occurs and the modal distribution in the waist section.
(b) Constant and (c) variable thickness coatings along the tapered fiber. (d) Variation of the normalized
frequency (V number) of the fiber core along the taper; the red regions indicate the core-cladding coupling zones
and light interacts with coating; the green zone indicates the uniform waist section. (e) Coating speeds vð Þ
required to obtain constant and variable coating thicknesses along the taper; the plot includes the corresponding
characteristic time (t0) for the instabilities.
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Once the coating is deposited, it might require a longer period of time for achieving
solidification.

To exemplify these possibilities, we consider a tapered optical fiber coated with
polydimethylsiloxane elastomer (PDMS, Sylgard 184 from Dow), which has a η ¼
3:5 Pa ∙ s½ � and γ ¼ 0:0198 N ∙m�1½ � [26, 32]. For the SMF tapered down to a waist
radius of 5 μm, the lengths of the waist and transitions are 10 and 25 mm, respec-
tively; the transitions are assumed to have an exponential profile as described in [1].
For this specific fiber light couples into the cladding, and thus evanescent wave
exposition into the surrounding media occurs along the transition section (red
region in Figure 6). The radii of the fiber core and the cladding are compared with
the modification of the normalized frequency in Figure 6d. The nature of the
curing or solidifying process of the polymer is crucial and should be considered due
to the possible appearance of instabilities. To avoid this, both the coating and curing
processes needs to be shorter than the characteristic time (t0) in the waist section.

PDMS is a polymer cured by heating, requiring from several minutes to hours
for complete solidification, depending on the temperature of the curing process. For
achieving a 200 nm thick uniform PDMS coating at the waist section, a speed
coating process of around ν ¼ 0:62 mm ∙ min �1� �

is required, and the critical time is
t0 ¼ 1:4 hr½ �. The conditions required for generating a coating with constant or
variable thickness layers are analyzed in Figure 6e. For obtaining a coating with
constant thickness (solid line), the required coating speed increases inversely with
the fiber diameter. Although the instabilities mostly appear at larger times along the
tapered fiber, the total duration of the process will be in general longer. In contrast,
the variable coating (dashed line) implicates overall shorter times for instabilities to
appear, and the process must be performed much faster.

Depending on the application, fiber coatings can be designed to optimize the
interaction of the evanescent wave with the surrounding media. This means that the
thickness of the coating can be extended to completely enclose the evanescent
wave, or simply to favor some interaction and leave a remaining portion of light still
interacting with the external media. Having this in mind, one must also consider the
refractive index of the material: while low refractive index materials will require
thinner coatings to completely isolate the evanescent wave, high refractive index

Figure 7.
Effective refractive index at the waist section of the fiber as a function of the coating thickness for materials
commonly used for taper coating and for sensing applications: PTFE [33], PBS [34], water [34], 1-propanol
[35], isobutanol [35] and PDMS [26, 32].
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materials will allow to use thicker coatings before isolating the evanescent wave, as
illustrated in Figure 7. Of course, to have efficient and low loss light propagation in
the tapered fiber, the refractive index of the coating material must be lower than the
refractive index of the optical fiber. Otherwise, this will induce losses since the light
propagated in the cladding will never been coupled again the core.

4. Applications of coatings for devices

Different effects can be generated in the guided wave depending on the optical
properties of the coating material. For instance, the sensitivity of the tapered device
to physical parameters can be tailored up to some extent. Using again as an example
PDMS coatings, the effective refractive index of the fundamental mode can be
adjusted with the coating thickness. It is well known that PDMS experiences
changes with temperature due to its thermal expansion coefficient and to its
thermo-optic coefficient (Δn=ΔT K�1� � ¼ �1:8� 10�4) [32]. As the thickness of the
PDMS coating is increased, the effective refractive index will increase its variation
with temperature, as shown in Figure 8. Evidently, this “tunability” in sensitivity is
limited, and it further depends on the thermo-optical properties of the polymer. To
illustrate this, we have also included in Figure 8 an example using 1-Butanol as the
coating material [35]. Notice that in this case, lower effective indices are obtained
and their variations with coating thickness are not as pronounced as obtained for
PDMS. However, the sensitivity of the effective index to temperature changes for
this coating is larger than that of PDMS.

5. Conclusions

We have introduced guidelines for coating tapered sections of optical fibers with
liquid materials. Specifically, we undertake the subject of polymeric thin layers

Figure 8.
Temperature dependence of the LP01 mode effective refractive index (neff) for different thicknesses of PDMS
coatings.
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deposited by the wire coating technique and the interaction of the coating with the
evanescent wave. Firstly, the propagation considerations to achieve light interaction
with the surrounding media via evanescent wave were described. This aspect
depends on the physical dimensions, refractive indices of the materials and propa-
gating wavelength. As shown upon analyzing the wire coating technique, it is
possible to define parameter for the coating process that will allow for controlling
the coating thickness and avoid coating instabilities. Essentially, once the properties
of the liquid polymer and the dimensions of the taper are known, the coating
velocity may be calculated in order to obtain a prescribed coating thickness. Finally,
light propagation for different coating thickness with different materials was
discussed in terms of the influence on the effective refractive index in the waist
section of the fiber. These aspects should be of interest for obtaining photonic
devices with functional polymers coatings that may be useful for sensing
applications.
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Chapter 3

Optical Inhouse Networks
Ulrich H.P. Fischer, Matthias Haupt and Peter Kußmann

Abstract

Optical fiber networks are currently the standard for delivering high bandwidth 
to customers. Various access technologies to business networks with a very high 
bandwidth up to access networks for buildings and individual consumers have 
emerged. In the area of business networks, bandwidths of 10 Gb/s have become 
established, while in the area of customer bandwidths of 100 Mb/s to 1 Gb/s are 
used. This chapter will focus on the optical network connections inside buildings. 
The use of optical glass fibers or/and polymeric optical fibers in different network 
topologies in connection to high-speed actual WIFI- technologies will be discussed.

Keywords: optical fiber, distributed network structure, optical polymeric fibers, 
local area networks, open building reference model

1. Introduction

Depending on how far the glass fiber extends into the access network, one 
speaks of “Fiber to the Curb” (FTTC), “Fiber to the Building” (FTTB), “Fiber to the 
Home” (FTTH), “Fiber to the Desk” (FTTD). As an alternative, DSL technology, 
outdoor DSLAMs and VDSL with vectoring, contribute data transmission rates 
of up to 200 Mbit/s for broadband distribution to the subscriber, whereby these 
copper-based connection technologies have reached now their capacity limits [1].

As shown in Figure 1, the international optical network is essentially divided 
into three levels. Based on the international level of the global area network with 

Figure 1. 
Worldwide optical network structure.
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very high data rates of 10–100 Gb/s, branches go to the level of regional networks 
with data rates of 1–10 Gb/s and from there to the third level of the customer 
network. There we speak of data rates of 100 Mb/s to 10 Gb/s. Based on this core 
network, the wireless networks (4G, 5G) to supply the mobile devices in the area 
with up to 1Gb/s are realized [2].

The mobile networks with LTE or 5G and the cable television networks also use 
this term for the part of their networks that includes the subscriber connections and 
offers access to higher network levels. However, radio technology can only be seen 
as an alternative to fiber optic infrastructure in rural areas, as little cabling needs 
to be installed. Unfortunately, the bandwidth of these radio networks decreases 
quadratic by the distance to the radio base station, so that the effectively transfer-
able data rate will fall down strictly in rural areas. The cable television networks are 
currently based on DOCSYS 3.1 and already use fiber optic connections as FTTB 
variants and are therefore to be seen as fiber optic technology despite different 
software and hardware configurations. Currently, most of the optical fiber optic 
connections are made in the FTTB area [3, 4].

At a connection point in the basement of the building, the fiber optic cable com-
ing from the outside is connected to a router or switch. Starting from there, the data 
is transferred to the different areas and floors of the office building or the apart-
ment block either via fiber optics, polymer fibers or electrical Ethernet cables (e.g. 
CAT 7). This is referred as network levels 3 and 4, before branching from the differ-
ent floors to the individual offices or apartments via switches. The other cabling in 
the apartments and offices is called network level 5. Here, in turn, there are appro-
priate routers for the apartments or switches for the offices in order to distribute the 
data in the individual rooms. Levels 3–5 are nowadays mainly connected via optical 
cables and will be analyzed in this chapter in a differentiated manner and discussed 
with examples. This also includes the use of additional technologies such as WiFi, 
Zigbee, Bluetooth or dLAN/powerline [5] in the home and office [6–8].

2. Distributed network structures

Computer networks in apartments, small buildings and office environments 
(Small Office/Home Office - SoHo) are typical fields of application for Ethernet-
based communication networks [9]. Local services such as network printers or file 
shares are implemented on these network structures, or DSL and cable providers 
offer their customers IP-based services such as Internet access, IP-TV or VoIP (Voice 
over IP).

For the implementation of Ethernet/POF-based SoHo networks, different areas 
must be conceptually considered (e.g. laying cables, selection and structuring of 
electronic components), implemented and connected to the Internet using suitable 
devices and processes [10–13].

Based on the sub-areas to be implemented for the realization of a network in 
the desired SoHo target market, the protocols and standards to be considered are so 
diverse that the existing orientations as well as the derived test methods and devices 
appear unsuitable.

For the design of a general and expandable structure in the SoHo environment, 
an abstraction model was developed - which is suitable as a basis for orientation for 
the implementation of network structures, service models and test methods in the 
SoHo environment.

In the telecommunication networks a special scheme is applied to distribute the 
data from the source/headend to the customer. The distribution is divided into five 
levels (see Table 1 and Figure 2):
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Level 1: Content/data production.
These include program providers such as Premiere, the public and private broad-

casting stations and also Cloud applications.
Level 2: Operation of head-end stations.
The internet data is received via these stations and then passed on. In the case of 

the TV cable network, one of these head-end stations is always required, as this is 
where the signals from the satellite are converted and processed for cable reception, 
among other things. The reception technology in the cable networks has been com-
pletely converted to the digital standard since DOCSYS 3.1 [14] and is therefore at 
the same level as the telecommunications networks. Typical data rates are between 
10 Gb/s up to 100Gb/s.

Level 3: Street distributor/curb.
This refers to the network areas that were relocated from the head-end stations 

to the residential areas (FTTC-fiber to the curb). Typical data rates are between 
1 Gb/s up to 10Gb/s.

Level 4: house distributor.
Customers can only be reached via the fourth network level into the houses (FTTB -  

fiber to the building). Many small operators are exclusively active here, the number 
of which is estimated at several thousand. In order to offer new products and services, 
the operator must be able to feed them into the network. This requires an adaptation 
of several network levels, which, however, often turns out to be very difficult due to 
the large number of responsible companies at the various levels. Only in the rarest of 

Network 
level

Task

1 Content production

2 Operation of the head-end stations that receive and forward the TV and radio signals

3 Street/curb distributors

4 House distributors

5 Between router in the home and telephone/Internet devices

Table 1. 
Network levels in the telecommunication network.

Figure 2. 
Distribution of the telecommunications transmission path from the provider via the curb distribution to the 
building and in the building to the flats.
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cases does an operator have several levels, which makes the actual structure difficult to 
understand for the end user. Typical data rates are between 100 Mb/s up to 10Gb/s.

Level 5: Flat distribution.
The network connection directly with the customer is now being rolled out 

worldwide via optical fibers, since only these technologies enable a correspondingly 
high bandwidth. This level is between router and telephone/Internet devices such as 
smartphones, tablets or IP TV realized. Typical data rates are between 10 Mb/s up to 
1Gb/s (FTTH - fiber to the home).

3. Open building interconnection reference model - OBI

Based on the different orientations of the four identified work areas (building 
blocks) (see Figure 3) as well as the multitude of standards and guidelines to be 
taken into account, which data center operators are familiar with - but not known 
to house and apartment owners in the targeted SoHo target market - the following 
situation arises:

A model is required that includes the four identified work areas - defines inter-
faces and thus offers orientation for further work [15, 16]. All areas relevant for the 
conception, construction and operation of SoHo networks and in-house communi-
cation can be structured, edited and tested in a reproducible manner [17, 18].

Based on the basic services defined within the OBI model, the conception of test 
scenarios was started. For this it is necessary to classify the network structure that 
is likely to be encountered. Starting from a transfer point (e.g. DSL [19], FTTH, 
DOCSIS [20] that connects to the public wide area data network (WAN) [18], SoHo 
routers are used that provide services for the internal network that are defined 
using an operating system (firmware) (LAN) (e.g. switch, WLAN, FXS (Foreign 
eXchange Station), FITH (Fiber In The Home)). The owner of the SoHo network 
has no influence on the implementation of the WAN area, apart from the choice 
of provider and product. The situation is different with the implementation of the 
LAN structure. Which implementation is used primarily defines the intended use 
of the LAN. The router already mentioned shows the following structure (Figure 4) 
taking into account its functions (Figure 5):

Figure 3. 
O B I - open building reference model.
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Due to the owner’s preference, all technical options (e.g., WLAN, fiber optic, 
POF, Cat [5–7], etc.) as well as the associated active and passive components are 
available for a structure.

If the SoHo network is viewed from the point of view of the services operated on 
it, the guarantee of the correct functioning and the quality of service by the provider 
of the WAN connection ends in the SoHo router which is depicted in Figure 6. It is 
assumed here that the provider of the WAN connection terminates the VoIP traffic 
on a SIP registrar [21] integrated in the SoHo router. All local end devices contact this 
SIP registrar, which in turn forwards the VoIP traffic to the telephone server of the 
WAN provider for termination using a SIP trunk.

The configurations, implementations and functions in the LAN area for map-
ping the functional correctness and quality of service for the defined basic services 
(network access, VoIP, WLAN) are part of the current work. For the investigation of 
the bandwidth-prioritized VoIP, a test scenario specially adapted to SoHo environ-
ments was designed.

In order to obtain reproducible results, the dependency on external disturbances 
(on the WAN side) must be excluded, which is why a local VoIP registrar was con-
figured (codecs: g.711u [22], h264 [23]) and used. The SIP video telephones use -  
for the VoIP within the LAN - different transmission media, e.g., Cat (5/6/7), POF 
and WLAN and different combinations and configurations of the active and passive 
components. The ITU standards for PESQ [24] and the E-model [25] are used for 
objective assessment of the voice quality of VoIP calls.

Both test methods take into account all parameters involved in the transmission (e.g., 
noise, SNR, latencies, jitter, echoes, packet losses, etc.) as well as their mutual depen-
dency. For the examination, a defined language file is transmitted (see Figure 7- red/ 

Figure 4. 
Functional overview of a SoHo router.

Figure 5. 
Network structure in the SoHo-environment.
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Figure 7. 
PESQ-measurement in SoHo network topology.

reduced) and compared with the original file (see Figure 7- blue/reference). The result 
is a numerical score value (PESQ-MOS factor for PESQ , R factor for E-model) for the 
comparison tables.

After calibration of the individual transmission links and selection of suitable 
test parameters and routines, the configurable parameters of the active components 
(e.g., QoS, VLAN, IPv6) can be examined in the context of “Influence on the 
quality of VoIP transmissions in SoHo environments”. Statements can also be made 
about the influence of the codecs used (e.g., H264, G711, G722 [26]) or the number 
of maximum SIP connections in the context of the bandwidth limit of the existing 
network topology. By using the VoIP registrar function in commercially available 
SoHo routers that are already available on the market (today already with all major 
Internet providers), the test routines can be run through - without measurement 
setups and configurations - and thus provide comparable results. By using the OBI 
model, communication and network structures in SoHo environments, especially 
for technology-supported care assistance systems [27] with the personal data that 
arise there, can be referenced and verified.

Figure 6. 
SoHo - network topology for VoIP test.
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4. Network types in the building

4.1 Glass fibers vs. polymeric fibers vs. CAT

Optical waveguides are made of optical glasses or assembled, partially assem-
bled, provided with plug connections cables and lines for the transmission of light 
in the visible as well as ultraviolet or infrared range. Fiber optic cables form flexible 
connections for the transmission of optical signals. Depending on the application, 
the fiber optic cables consist of Quartz glass, e.g. pure silicon dioxide (SiO2) or 
organic glass Polymeric fibers consist of acrylic glass [28]. From a physical point of 
view, both optical waveguides are dielectric waveguides.

Today, fiber optic cables [29] are mainly used as a transmission medium for 
wired telecommunication processes. In addition, there are diverse applications: 
fiber optic cables for laser radiation for material processing [30, 31], in medicine for 
lighting and imaging purposes: microscope lighting [32], endoscopes [33], decora-
tion lighting [34], for contact-free sensors [35], in measurement technology, e.g. in 
infrared thermometers and spectrometers [36].

Today, fiber optic cables are increasingly used for information transmission, in 
telecommunications and also in the area of computer networking. The term optical 
fiber is standardized in DIN 47002 and VDE 0888 and means that it is a conductor 
in which modulated light is transmitted. The fiber optic cable can be made of fiber-
glass or plastic. With plastic fiber-optic cables, the so-called POF, high transmission 
rates can be achieved, which can be up to several million bit/s. Furthermore, POF 
are insensitive to electromagnetic interference, largely secure against eavesdropping 
and have very low attenuation values compared to copper conductors.

A comparison of different fiber optical waveguides in glass and in polymeric 
materials are depicted in Figure 8. There are multimode fibers (MMF) available in 
two sizes, 62.5 or 50 microns, and four classifications: OM1 (62.5/125 μm), OM2, 
OM3, OM4 (50/125 μm) [37]. The GOF fiber type for SoHo applications is the 
multimode GOF with a diameter 50 μm core and 125 μm cladding. The bandwidth 
of this device is typically 1–10 GBit/s over 100–500 m. The POF has a very limited 
bandwidth of 1 Gbit/s over 100 m link length in Ethernet networks.

As depicted in Figure 9 the single mode GOF (SMF) offers the highest band-
widths of over 10 Gbit/s, which go well beyond the bandwidths required in the 

Figure 8. 
Dimensions of GOF and POF fiber types.
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SoHo area. This is why the SMF still plays a subordinate role in the short-term 
computing area in buildings. On the other hand, the multimode GOF (MMF) with 
bandwidths of 1 Gbit/s has significantly higher application potential, since the 
connectors and other active components such as transmitters and receivers are 
significantly cheaper than those of SMF components. The POF has significantly 
expanded its bandwidth potential in recent years and with gradient index POF 
(GI-POF) can also allow up to 10 Gbit/s over 50 m transmission distance, but has 
only been investigated in research studies to date. The step index POF (SI-PF), 
which can be used commercially with a maximum of 1 Gbit/s, is significantly worse 
in terms of transmission bandwidth. On the other hand, experimental studies show, 
that Wavelength Division Multiplex (WDM) techniques [38] applied in the POF 
spectrum of 400 nm to 780 nm can overcome the bandwidth restrictions and can 
realize more than 15 Gb/s via 4 chromatic transmission channels [39]. Additional 
WDM sources can extend the overall bandwidth to more than 40 Gb/s [40].

The copper technology of the CAT cables currently also achieves gigabit trans-
mission speeds, but is very susceptible to installation errors such as bending radii 
that are too small. However, the CAT cable connection has the advantage of passive 
networking without further active transmitter/receiver elements.

4.2 POF fibers for inhouse applications

For signal transmission over short to medium distances of up to approx. 100 m, 
optical waveguides made of acrylic glass (polymethyl methacrylate or PMMA), 
so-called POF, are used.

Polymer fiber technology for optical data transmission has developed very 
dynamically over the past 10 years [41]. Starting with simple transmission options 
for the consumer sector such as digital links between DVD players and preamplifi-
ers in the home multimedia sector (TOSLINK [42] system) with data rates of a few 
Mb/s, the technology has now established itself in the automotive sector with the 
use of MOST bus [43]. Here, POF is used in the visible wavelength range, since the 
components at this level of application must be manufactured as cost-effectively as 
possible for the end user. Mobile multimedia applications are of particular impor-
tance in the automotive sector, where over 50 vehicle types (approx. 15 million 
vehicles) have been equipped with POF bus systems since its introduction in 2001. 

Figure 9. 
Transmission speeds of single mode and multimode GOF, POF and CAT for inhouse applications.
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In addition to the higher data rate and the resulting improved integration of multi-
media applications in busses or automobiles, considerable weight reductions in the 
cable of 30% are also achieved [44, 45].

For these reasons, optical data transmission is increasingly being used in close 
proximity, e.g. in office and house communication, in production facilities, in 
medical technology or in bus systems for cars, trains and planes.

In the following, the optical basics of fibers, called POF (polymer optical fibers) 
for short, their active and passive components for network technology and their 
fields of application in the in-house area are presented.

4.3 Optical properties and advantages of POF

Optical fibers consist of a highly transparent core, a cladding and a protective 
coating and/or buffer. The light-guiding core is used to transmit the signal. The 
cladding has a lower optical refractive index (density) than the core. As a result, the 
cladding causes total reflection at the boundary layer and thus guiding the radiation 
in the core of the optical waveguide. However, light can also get into the cladding 
through bending or coupling at the beginning of the route. This is usually undesir-
able and the jacket and protective coating are therefore designed in such a way that 
this light is strongly attenuated.

The outer protective coating helps against mechanical damage and protects the 
fiber from environmental influences. The POF consists of PMMA (acrylic glass), 
has a core diameter of approx. 1 mm (Figures 10 and 11) and has a bandwidth of 

Figure 10. 
Attenuation diagram of POF in the visible regime.

Figure 11. 
Schematic draw of a polymeric fib.
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100 Mb/s over 100 m, which can be expanded to 1000 Mb/s with special modula-
tion techniques and laser transmitters. The advantages of POF in laying technology 
are obvious in several areas compared to WiFi, powerline/dLAN or CAT solutions 
(see Table 2, [46]):

1. Practical aspects

• Very inexpensive, easy to work with

• Low weight, very small diameter: 1/10 of copper cables

• More flexible and cheaper than glass fiber optic cables

• Easy handling

• EMC insensitivity

2. Security aspects

• Better insurability

• Security against eavesdropping

• Short-circuit protection, free of hum loops

3. Technical aspects

• Data rates can be expanded in a future-proof manner (investment security)

• Several signals can be transmitted on one fiber

• Significantly cheaper and easier to lay than glass fibers

POF GOF CAT

EMV ++ ++ —

Galvanic isolation ++ ++ —

Bug security + + —

Risk in explosive environments ++ ++ +

Low weight ++ + —

Small bending radius + — —

Flexibility + — +

Low cost ++ — +

Bandwidth + ++ +

Attenuation/m — ++ —

Cable and connector assembly costs ++ — +

++ very good, + good, − unsatisfactory.

Table 2. 
Comparison of GF, CAT and POF transmission connections in SoHo environment [46].
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The 1 mm fiber type is the cheapest to manufacture and is therefore used in 95% 
of all commercial applications. The refractive index is constant over the entire core 
cross-section (SI-POF). With other fiber types, for example gradient index fibers 
(GI) or multi-level index fibers (MSI), significantly higher bandwidths (currently 
2.3GHz/100m) can be achieved in the laboratory, but these do not play a role in the 
consumer market segment. The advantages of the standard SI-POF lie in the wide 
availability, the very low price, the favorable attenuation behavior (Figure 10) a 
very high numerical aperture, which enables a simple and effective coupling and 
extraction of light.

5. Usable connectors for glass fibers and polymeric fibers in the home

The optical polymer fiber POF has particularly good and simple properties for 
the connection technology between fibers and optical transmitters and receivers 
[47]. Due to its simple structure, which with a core of 0.98 mm and a cladding of 
0.2 mm corresponds exactly to 1 mm outer diameter, the cable can be cut straight 
with a cutter knife (see illustration) very easily. In contrast to fiber optic connec-
tions, the separation and cutting of a plastic fiber is much easier because the fiber 
optics require very complex mechanics and the dismantling of the fiber optic 
cables (see YouTube video [48]). A connection of two fibers has particularly low 
losses, since the large diameter reduces the mechanical boundary conditions for 
the accuracy of the alignment to + −0.1 mm. This corresponds to a 100 times lower 
necessary accuracy compared to a fiber optic connector. Because the alignment 
accuracy between the fiber and the optical element can be measured very gener-
ously without generating large losses, the plug-in connections are correspondingly 
easy to assemble. The Figure 12 shows an overview of the typical plug connections 
for POF cables.

A distinction is made between metallic and plastic plugs. The metallic plugs are 
used in the area of rough environments like car entertainment busses or factory 
environments for stable connections. The plastic plugs were used in the area of 
in-house networks without large load peaks.

No plugs are typically used for use in the home, while the fibers can be simply 
cut off (see Figure 14) and butt-inserted into the receptacle of a media converter. 
This saves a lot of costs and unnecessary time for the connector assembly, as well 

Figure 12. 
Typical plugs for POF connections.
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Figure 13. 
Optical splice with low attenuation.

Figure 14. 
POF fiber cutting easy with cutter knife.

as a simple possibility for the non-specialist to lay network cables himself without 
special knowledge. Typical connectors for butt-inserted connections are shown in 
Figure 15.

Another area for the introduction of POF network technology is the construc-
tion and connection technology, e.g. of splicing for POF. This would make it 
possible to directly couple POF without additional components. This technology 
is established in fiber optic technology, but in a technology that cannot be used for 
POF. That is why it would be of crucial importance for the cable laying technology 
of POF to have such a connection technology with innovative approaches. A splice 
kit (Figure 13) has been implemented at the HarzOptics GmbH Company with 
industrial partners using injection molding technology, which provides very good 
conditions for an easy-to-use splice [49]. Very low attenuation of 0.2 dB is typical 
for this spice method. The basic idea is that the fibers are fit very exact into the 
splice core of 0.98 mm and the core hoe was filled before with glue. The refractive 
index of the glue is 1,5 and the hardening of the glue is realized by the use of a UV 
light lamp, which took only 3 minutes to be hardened (Figure 15).
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For the home sector, also known as domotics, an increasing demand for 
bandwidth is to be expected over the next few years. One reason for this develop-
ment is the triple play promoted by the leading telecommunications companies, 
which means a bundled range of services such as IP telephony, IP TV and the 
Internet (Figure 16). Another term used in this context is the “active house”. The 
development of this concept represents the integration of communication and 
entertainment, as well as the active control of all functional processes in the house 
(control of the heating, blinds, monitoring systems, etc.), also known as building 
automation.

For these areas, active components on the one hand, e.g., media converters for 
setting up dynamic network structures, and on the other hand, passive optical 
components such as splitters for the inexpensive construction of such networks are 
available in sufficient numbers for Ethernet applications up to 1000 Mb/s. There 
are a variety of applications and simple installation techniques for POF media 
converters or POF adapters (Figure 15) and POF Ethernet switches for installa-
tion in flush-mounted switch boxes are available for setting up home networks 
with polymer fibers [50]. On the user side, one or more ports with RJ-45 interfaces 
(10/100/1000Base-Tx) are available for connecting the end devices. The polymer 
fiber is connected on the installation side. The POF is connected to the optical 
interfaces (1000Base-Fx) using plug-in terminals.

The switch shown also allows the construction of star, bus, tree and ring 
structures with polymer fiber cables. Some of the ports of POF Ethernet switches 
even offer Power over Ethernet (PoE) functionality, so that IP telephones, IP 
cameras or WLAN access points with IEEE 802.11n data rates (up to 240 Mb/s 
net data rate [51]) can be operated on the POF network without plug-in power 
supplies.

6. Example of an in-house network with optical POF fibers

A typical example of an application in a single-family home is shown in Figure 16. 
The data which is supplied from outside from the so-called network level 3 via fiber 
optics or DSL to the house is sent to a router at the house transfer point.

Figure 15. 
POF media convertors, Ethernet switches and 4-port optical POF switch RJ-45 wall outlets with WiFi-
Accesspoint (Rutenbeck GmbH).
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From this router, optical POF fiber cables are installed in all rooms in the house 
with active switches with four ports and connected there. Forwarding via additional 
switches the data can easily be routed to each room and connected. Furthermore, a 
corresponding WiFi module can be integrated in these switches, which can illu-
minate each room individually with small radio energy and is available for mobile 
devices in this room. By reducing the radio energy, each room can be connected to 
its own WiFi radio network and thus does not interfere with the transmission qual-
ity of the adjoining rooms. The radio energy must be set so low that the radio waves 
from the individual WiFi areas in the room do not get into the neighboring room 
and are attenuated enough by the walls.

It is also possible to lay the polymer fiber slightly behind baseboards in exist-
ing structures and thus not have to finance complex and expensive construction 
measures.

7. Conclusions

Optical fiber networks are currently the standard for delivering high bandwidth 
to customers. It was discussed, that there are various access technologies to local 
networks with a very high bandwidth up to access individual customers in their 
homes or flats. The use of optical glass fibers or/and polymeric optical fibers in 
different network topologies in connection to high speed actual WiFi- technologies 
have been discussed.

Both, the copper networks with CAT connections, as well as the networking 
with optical glass fiber and optical were compared and their strengths and weak-
nesses were shown. The Polymer Optical Fiber exhibits many advantages in com-
parison to glass fiber and copper as the medium for communication. The mentioned 
applications show different special sectors to the application of one of the three 
transmission technologies.

The focus in this work lies on the possibility of conveying high data rates, as well 
as the simplest possible relocation of network components in the SoHo area. In the 

Figure 16. 
Optical POF bus in the home network.
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area of permanently installed network components, the use of POF fibers proved to 
be particularly suitable for network bandwidths of up to 1 Gb/s. In addition to the 
almost relocated optical components, the installation of a wireless network via WiFi 
is a particularly good addition to make mobile devices easily networkable for the 
customer. Thus, a recommendation can be issued for both, optical polymer fibers 
with Ethernet network technology in combination with current WiFi technology. 
Both system components will experience further expansion stages in the range in 
the next few years and thus always remain applicable and expandable.
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Chapter 4

Coded Modulation and
Impairment Compensation
Techniques in Optical Fiber
Communication
Zhipei Li, Dong Guo and Ran Gao

Abstract

This chapter deals with coded modulation and impairment compensation
techniques in optical fiber communication. Probabilistic shaping is a new coded
modulation technology, which can reduce transmission power by precoding, reduce
bit error rate and improve communication rate. We proposed a probabilistic shap-
ing 16QAM modulation scheme based on trellis coded modulation. Experimental
results show that this scheme can achieve better optical SNR gain and BER perfor-
mance. On the other hand, in order to meet the demand of transmission rate of next
generation high speed optical communication systems, multi-dimensional modula-
tion and coherent detection are sufficiently applied. The imperfect characteristics of
optoelectronic devices and fiber link bring serious impairments to the high baud-
rate and high order modulation format signal, causes of performance impairment
are analyzed, pre-compensation and receiver side’s DSP techniques designed for
coherent systems are introduced.

Keywords: Coherent Optical Communication, Coded Modulation, Probabilistic
Shaping, Digital Signal Processing, Pre-Compensation, Quadrature Amplitude
Modulation

1. Introduction

With the rapid development of Internet services, higher requirements are put
forward for the transmission rate, system capacity and stability of communication.
Optical fiber communication has become one of the main communication
methods in the world because of its large transmission bandwidth, long-distance
transmission and strong anti-interference ability.

The optical fiber communication systems are mainly divided into two types:
intensity modulation-direct detection (IM-DD) and coherent optical communica-
tion systems. The IM-DD system is mainly used in access networks, passive optical
networks (PON) and data centers, and its transmission distance is usually less than
80 km. Specified in the standard, the highest transmission rate with single-
wavelength of IM-DD system is 100Gb/s, transmitting 56GBaud 4-level pulse
amplitude modulation (PAM4) signal. The coherent optical transmission system,
which uses multi-dimensional modulation to improve spectrum efficiency, local
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oscillator lasers to increase sensitivity, and digital signal processing (DSP) technol-
ogy for impairment compensation, thereby can greatly improve transmission per-
formance, increase transmission rate and distance, and is usually used in in large-
capacity long-distance backbone networks and metropolitan area networks.

Quadrature amplitude modulation (QAM) is commonly used in coherent optical
fiber transmission system. In this method, evenly distributed constellation points
are arranged in two-dimensional space to form a constellation diagram. The perfor-
mance loss of the modulation scheme tends to πe=6 (1.53 dB) from the Shannon
limit. To further approach Shannon limit capacity and improve system perfor-
mance, probabilistic shaping technology can be used [1]. Probabilistic shaping is a
new coded modulation technology. It can reduce transmission power by precoding,
reduce bit error rate and improve communication rate without changing the origi-
nal system. And with the change of channel environment, the channel can be
matched by changing the size of the shaping, thus improving the flexibility of the
system.

The future research direction of high-speed optical fiber communication is
digital coherent optical communication technology [2–4]. With the development
of high-bandwidth optoelectronic devices, digital-to-analog converter (DAC),
analog-to-digital converter (ADC) and application specific integrated circuit
(ASIC) chips, beyond 800Gb/s transmission with single wavelength above
becomes possible. In order to achieve such high-speed transmission, DSP
technology plays an important role in dealing with chromatic dispersion (CD),
polarization mode dispersion (PMD), frequency offset and phase noise, by com-
pensating the signal at the transmitter and receiver in the electrical domain. With
highly integrated and flexible digital coherent optical detection technology, high-
speed, large-capacity and long-distance optical communication can be effectively
realized.

The most important technologies in coherent optical communication system
are introduced in this chapter, a novel coded modulation technology based on
probabilistic shaping and DSP-based Impairment compensation techniques.

2. Novel coded modulation technology based on probabilistic shaping

2.1 Principle of probabilistic shaping

The main idea of probabilistic shaping is to reduce the probability of occurrence
of constellation points in outer ring, increase ones in the inner ring, and change the
constellation of uniform distribution into non-uniform distribution. The common
distribution matcher is constant composition distribution matcher (CCDM), which
makes the occurrence probability of each constellation point conform to Maxwell
Boltzmann distribution:

PX xið Þ ¼ e�v xij j2

Pm
j¼1e

�v x jj j2 (1)

Where, X ¼ x1, x2, … … , xmf g is the constellation symbol set, v is the probability
distribution factor, and the value range is 0 � 1. The larger value of v, the higher the
degree of constellation shaping [5].

Taking 16QAM modulation format as an example, the constellation probability
distribution diagram is shown in Figure 1, and the constellation diagram after
recovery at the receiving end is shown in Figure 2.
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2.2 Experiment

To evaluate the performance of the proposed scheme, an experiment is carried
out by employing the coherent optical communication system setup illustrated in
Figure 3. The system parameters are shown in Table 1. At the transmitter, a
1550 nm lightwave with power of 10 dBm and line-width of 100 kHz is employed as
the laser source, followed by a polarization beam splitter to divide the output light

Figure 1.
Probability distribution of 16QAM signal. (a) Uniform 16QAM; (b) PS 16QAM.

Figure 2.
Constellation for receiver recovery using probabilistic shaping technique.
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into orthogonal polarized pair. Then two I/Q modulator are applied to modulate two
orthogonal light waves, respectively. Trellis-Coded Modulation (TCM)-PS-16QAM
signals are generated offline by MATLAB program. And each modulator is driven
by two 10Gbaud amplified electrical TCM-PS-16QAM signals with a frame length
of 33,336 symbols, and 10 patterns (333,360 symbols) are collected for bit error
ratio (BER) calculation. The peak-peak voltage of the two amplified electrical sig-
nals are both set as 2.0 V. And a polarized beam combiner is applied to combine two
orthogonal modulated lightwaves, which is amplified by an erbium-doped fiber
amplifier (EDFA) in the standard single mode fiber (SSMF) for transmission. The
gain and the noise figure of the EDFA are 20 dB and 4 dB, respectively. The input
power of the fiber is 0 dBm, and the fiber is a SSMF with attenuation of α = 0.2 dB/
km, nonlinear coefficient of γ = 1.3 (W�km)�1, and dispersion of D = 17 ps/nm/km.
At the receiver, the ASE noise is added to the received optical signal to adjust the
received optical signal noise ratio (OSNR) with the resolution of 0.1 nm. The optical
signal added with noise is bandpass-filtered and converted into an electrical signal
by a coherent receiver. The laser diode (LD) generates a local oscillating light with
the power of 5 dBm and linewidth of 100 kHz. In the offline DSP module, timing
recovery is implemented by Gardner algorithm and chromatic dispersion is com-
pensated digitally. To process different shaped signals, a pre-convergence constant

Figure 3.
Experimental setup for PDM single carrier system.

Parameter Specification

Center wavelength 1550 nm

Laser linewidth 100 kHz

Input power of fiber 0 dBm

Amplification EDFA

EDFA gain 20 dB

EDFA noise figure 4 dB

Fiber SSMF

Attenuation 0.2 dB/km

Nonlinear coefficient 1.3(W�km)�1

Chromatic dispersion 17 ps/(nm�km)

Span length 25 km

Table 1.
System parameters.
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modulus algorithm with step of 2e-6 and taps of 9 followed by 1% pilot aided multi-
modulus algorithm are used for polarization demultiplexing and compensation of
polarization mode dispersion without training sequence. In addition, fast Fourier
transform based frequency offset estimation (FFT-FOE) algorithm and blind phase
search algorithm are applied to realize frequency offset estimation and compensate
the laser phase noise, respectively. Finally, TCM-PS-16QAM decoding and statistics
of BER are implemented.

To verify our proposed scheme, we compare the performance of 8QAM, TCM-
16QAM-4state, TCM-16QAM-8state, TCM-16QAM-16state, and TCM-PS-16QAM-
4state respectively. The convolutional encoders and information entropy parame-
ters are displayed in Table 2. Here, some modulation formats have different
entropy, and lower entropy means a higher baud-rate, which makes their bit-rates
consistent.

In the experiment, the TCM-PS-16QAM (H = 2.8 bits/symbol) with
OSNR = 15 dB is firstly transmitted. After the optical transmission system, the
received signal of the subset S0, S1, S2, S3 and the overall constellation at the
receiver is shown in Figure 4. The successful transmission of the TCM-PS-16QAM
signal means that our proposed novel scheme is reasonable and realizable.

Scheme Entropy (bits/symbol) Baud rate (GBaud)

8QAM 3 10

TCM-16QAM-4state 3 10

TCM-16QAM-8state 3 10

TCM-16QAM-16state 3 10

TCM- PS-16QAM-4state 2.9 10.4

2.8 10.7

2.7 11.1

Table 2.
Modulation format parameters.

Figure 4.
Probability distribution with the entropy of 2.8 bits/symbol of the proposed (a) subset S0 constellation,
(b) TCM-PS-16QAM constellation at the receiver.
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Meantime, it can be seen that the probability distribution of the constellation points
achieves the goal of low energy point density and high energy point sparseness.

Figure 5 depicts the BERs of 8QAM, TCM-16QAM-4state, TCM-16QAM-8state,
TCM-16QAM-16state, and TCM-PS-16QAM-4state (H = 2.9 bits/symbol) with the
same data rate of 60 Gb/s after 25-km SSMF transmission. It can be seen that when
the OSNR is above 5 dB, the performance of TCM-16QAM-nstate (n = 4, 8, 16) is
better than 8QAM. And with the increase of OSNR, the BERs of TCM-16QAM-
nstate (n = 4, 8, 16) fall faster than 8QAM. At the BER of 1 � 10�3, TCM-16QAM-
4state obtains the gain of 3.4 dB compared to 8QAM. However, TCM-16QAM-
8state slightly outperforms TCM-16QAM-4state and the OSNR gain is just 0.4 dB.
Meantime, compared to 8 state, the gain of TCM-16QAM-16state grows only 0.4 dB
too. And the decoding complexity double as the number of state double. So,
increasing the number of states is not a suitable way to obtain coding gain, espe-
cially when the coding gain is close to the limit. The required OSNR for BER of
1 � 10�3 is about 7.7 dB for TCM-16QAM-4state, and 6.8 dB for TCM-PS-16QAM-
4state (H = 2.9 bits/symbol), The OSNR improvement is increased by 0.9 dB with a
little more complexity. Compared to TCM-16QAM-8/16state, TCM-PS-16QAM-
4state (H = 2.9 bits/symbol) has lower decoding complexity and better perfor-
mance. And the gain of TCM-PS-16QAM-4state (H = 2.9 bits/symbol) grows 0.5 dB
and 0.1 dB, respectively. This is mainly due to the shaping gain brought by PS.
Under the condition that the minimum Euclidean distance in the constellation

Figure 5.
BER curves and constellations of different modulation formats (H = 2.9 bits/symbol) for 25-km transmission.
(a)8QAM, (b)TCM-16QAM-4/8/16state, (c)TCM-PS-16QAM-4state.
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remains unchanged, the convergence of most constellation points greatly reduces
the average power of the constellation, improving the performance of the entire
modulation system.

The BER curves of TCM-PS-16QAM-4state with different information entropy
after 25-km transmission are also measured, and the measured results are shown in
Figure 6. In our experiments, according to their different information entropy, the
baud rate is set differently, their information entropy is 2.9, 2.8, 2.7 bits/symbol, so
the baud rate is 20.7, 21.4, 22.2Gbaud, namely, the bit rate is 60 Gb/s. It can be seen
that the required OSNRs are 6.8 dB, 6.5 dB, and 5.9 dB at the BER of 1 � 10�3. In
other words, TCM-PS-16QAM-4state (H = 2.7 bits/symbol) obtains OSNR gain of
0.6 and 0.9 dB compared with TCM-PS-16QAM-4state (H = 2.8 and 2.9bits/sym-
bol), respectively. This advantage proves that as the information entropy decreases,
more shaping gains can be obtained. Obviously, at the same OSNR, the lower the
information entropy, the better the BER performance and the more flexible infor-
mation entropy and gain compared to the traditional TCM-16QAM.

3. Impairment compensation techniques in coherent communication

Coherent optical communication systems are implemented in the form of optical
modules in commercial communication equipment [6]. As shown in Figure 7, The

Figure 6.
BER curves and constellations of TCM-PS-16QAM-4state for 25-km transmission. (a) H=2.9 bits/symbol,
(b) H = 2.8 bits/symbol, (c) H = 2.7 bits/symbol.
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transmitted information is encoded by forward error correction (FEC) through the
electrical interface and then transmitted to transmitter-side (TX) DSP. The TX DSP
includes constellation mapping, pulse shaping, pre-equalization, skew compensa-
tion, dispersion pre-compensation, etc. The main purpose of implementing DSP-
based pre-compensation techniques at the transmitter is to increase the signal-to-
noise ratio (SNR) of the transmitted signal while the transmission power is limited,
reduce the bandwidth requirement for signal transmission, avoid inter-symbol
interference (ISI), and reduce the impairment caused by the optoelectronic devices.

After single mode fiber channel, the coherent optical signal is transmitted into
the coherent receiver and ADC to obtain four electrical signals, which consist of
dual polarizations X/Y and in-phase/quadrature (IQ) components XI, XQ, YI, and
YQ. The receiver-side (RX) DSP contains a series of impairment compensation and
equalization algorithms for the optoelectronic devices and fiber link, including IQ
signal orthogonalization, normalization, dispersion compensation, clock recovery,
polarization demultiplexing, frequency offset estimation, and phase noise recovery.
DSP compensation technology at the receiver side is the core of coherent optical
communication. It can recover multi-dimensional modulated signals from distorted
constellation, to realized large-capacity transmission.

This chapter will introduce the impairment compensation technology based on
DSP in two parts, all common compensation techniques are described in detail.

3.1 Impairment compensation techniques at transmitter side

Pre-equalization and skew compensation are basic DSP techniques at transmitter
side, pre-equalization technique is used to compensate the filtering effect caused by
the bandwidth limitation of transmitting devices, and skew compensation is to
compensate the delay of XI, XQ, YI and YQ signals while passing through the
electrical and optical paths [7]. At the same time, in order to cope with more and
more high-speed transmission, such as 400Gb/s, 800Gb/s and 1.2 Tb/s transmis-
sion, high-order modulation format and high baud rate signal is generated and
transmitted, such as 96Gbaud 32QAM and 80Gbaud 64QAM, which is extremely
sensitive to linear and nonlinear impairment of optoelectronic devices, therefore,
other pre-compensation algorithms such as look-up table (LUT) and digital
predistortion (DPD) are usually added to the next generation coherent optical
module’s DSP algorithm. In this section, basic principles of the impairment

Figure 7.
Coherent optical module structure.
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compensation techniques at transmitter side are described for the development of
next generation coherent optical transmission systems.

3.1.1 Bandwidth limitation and pre-equalization

Restricted by material and technical level, the frequency response of the opto-
electronic device is not flat in the range of the bandwidth needed to transmit the
signal, as shown in Figure 8, the transmitted signal will fade at high frequency,
which leads to inter symbol interference, the smaller the bandwidth is, the more
serious the ISI is and the worse the BER performance.

To suppress the performance degradation of high-speed signal caused by band-
width limited system, the pre-equalization technology based on DSP can alleviate
the bandwidth shortage of the transmitter device, which is an effective bandwidth
compensation method. To implement pre-equalization, it is necessary to obtain the
frequency response of the transmitter, including DAC, electric driver, modulator
and so on. First, we send specific training sequence X without any compensation,
then receive the signal Y with a high bandwidth digital sampling oscilloscope, we
can estimate the frequency response H of the transmitter by comparing the trans-
mitted and received signals with least square (LS) algorithm

HLS ¼ XHX
� ��1

XHY (2)

Then we multiply the inverse of the estimated frequency response with the
transmitted data in the frequency domain

XTX ¼ X �H�1
LS (3)

Thus, the high frequency component of the signal can be raised at the
transmitter to resist the low-pass filtering effect of the device. The spectrum of the
transmitted signal is flat to reduce the inter symbol crosstalk.

Figure 8.
Spectrum of transmitted signal with different bandwidth limitation.
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3.1.2 Look-up table algorithm

LUT is a pre-compensation method, which is used to compensate the memory
effect of the amplifier. From the time domain point of view, the memory effect
means that the current output symbol of the amplifier is not only dependent on the
current input symbol, but also related to the past input symbol value. From the
perspective of frequency domain, memory effect can be defined as the phenome-
non that the amplitude and phase characteristics of intermodulation distortion term
of amplifier change with the variation of envelope frequency of input signal.
Considering the influence of 2N þ 1 symbols before and after the symbols at the
intermediate time, all possible transmitted sequences are X k�N : kþNð Þ, and the
corresponding received sequence is Y k�N : kþNð Þ. All data in lookup table are
set to 0 in the initial state, and the sliding window selects 2N þ 1 symbols in the
transmission sequence each time, after looking up the index and finding the address
of this pattern, the error E kð Þ is obtained by subtracting the central symbol of the
sending sequence and the receiving sequence. As the sliding window moves for-
ward, error values of all transmission modes can be traversed. Suppose the lookup
table index is i, the number of data stored in index is M ið Þ, and the lookup table is
updated as follows

LUT ið Þ ¼ LUT ið Þ þ E kð Þ (4)

M ið Þ ¼ M ið Þ þ 1 (5)

LUT ið Þ ¼ LUT ið Þ
M ið Þ (6)

3.1.3 Summary

In terms of modulation and impairment suppression technology in transmitter
of optical transmission system, researchers have carried out a lot of research, such
as peak to average power ratio (PAPR) reduction technology, DAC resolution
enhancement [8], joint pre-equalization in electrical and optical domain, etc. In
recent years, artificial intelligence techniques have been recently proposed as a
promising tool to address various challenges in optical communication, and
machine learning technology based on indirect learning [9] and neural network
[10] has also been used for impairment compensation of transmitter devices.

3.2 Impairment compensation techniques at receiver side

In the long haul and large capacity optical transmission system, the optical link
will introduce chromatic dispersion [11], polarization mode dispersion (PMD) [12],
fiber nonlinearity, etc., the laser linewidth and frequency jitter will bring frequency
offset and phase noise [13, 14], and the ADC sampling frequency and phase cannot
be synchronized with the DAC at the transmitter. All these problems can be solved
by using mature DSP technology, so as to avoid the use of a series of complex
devices such as phase locked loop. With the development of ASIC chip
manufacturing technology, highly integrated and flexible digital signal processing
technology can meet the needs of high-speed optical transmission system in the
future.

As shown in the Figure 9, the basic DSP algorithm flow of a typical coherent
optical communication receiver, including IQ imbalance compensation, CD
compensation, timing recovery, polarization demultiplexing, frequency offset esti-
mation, and carrier phase recovery. According to the algorithm design, different
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algorithms may have nested or parallel processing, these algorithms are closely
linked and indispensable, which is the basis of coherent optical communication with
high baud rate and high order modulation format.

3.2.1 I/Q imbalance compensation

Ideally, the I and Q components in the received signal are completely orthogo-
nal, but in the actual system, for the extinction ratio of the two arms of the IQ
modulator is not completely consistent, the division ratio of the 3 dB coupler in the
receiver is asymmetric, and the response of the balance detector is inconsistent, the
amplitude and phase of the two IQ components will be imbalanced. So, it is

Figure 9.
DSP flow of coherent optical transmission system.
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necessary to implement IQ imbalance compensation and normalization in the first
step of digital signal processing. In general, Gram-Schmidt orthogonalization pro-
cedure (GSOP) algorithm is used to map one set of non-orthogonal vectors as
reference variables and the other set as orthogonal variables. Suppose that Iin kð Þ and
Qin kð Þ are non-orthogonal vectors, and Iout kð Þ and Qout kð Þ are vectors processed by
GSOP, as

Iout kð Þ ¼ Iin kð Þffiffiffiffiffi
PI

p (7)

Q 0 kð Þ ¼ Qin kð Þ � ρIin kð Þ
PI

(8)

Qout kð Þ ¼ Q 0 kð Þffiffiffiffiffiffi
PQ

p (9)

where ρ ¼ E Iin kð Þ �Qin kð Þf g,PI ¼ E Iin2 kð Þ� �
,PQ ¼ E Q 02 kð Þ

n o
, and E �f g repre-

sents expectation.

3.2.2 Chromatic dispersion compensation

Chromatic dispersion is a static impairment for optical signal in fiber transmis-
sion. The main factor of CD is that the characteristics of optical fiber material lead
to different propagation group velocity of different frequency components of opti-
cal signal, which is similar to the multipath effect in wireless communication,
resulting in time-domain pulse broadening. For the early optical fiber communica-
tion system, chromatic dispersion is mainly compensated by negative dispersion
coefficient media such as dispersion compensation fiber, fiber Bragg grating and
other dispersion compensation modules. With the development of DSP technology,
digital signal processing technology can completely replace the function of optical
dispersion compensation module, it is easy to realize dispersion compensation based
on DSP.

Generally, dispersion coefficient D is used to quantify the pulse broadening
caused by fiber dispersion, the unit is ps=nm=km. The partial differential equation of
the influence of fiber dispersion on signal envelope is derived, and the frequency
domain transmission equation can be obtained by Fourier transform

G z,wð Þ ¼ exp �j
Dλ2

4πc
ω2

� �
(10)

where λ is the wavelength of light wave, c represents light speed, and ω is
arbitrary frequency component. The frequency-domain transfer function of the
dispersion compensation filter is obtained by inversing the dispersion coefficient of
the transfer function as

G z,wð Þ ¼ exp j
Dλ2

4πc
ω2

� �
(11)

In the long-distance optical communication system, the signal sub block must be
large enough to compensate for the dispersion effect in the transmission. Therefore,
an overlapped frequency domain equalization structure is proposed to improve the
transmission and DSP efficiency by forming overlaps between sub blocks as shown
in Figure 10.
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3.2.3 Clock recovery

After photodetection, the electrical signal is sampled and digitized by the ADC.
However, in the actual system, because the local sampling clock is not synchronized
with the transmitter signal clock, the sampling point of the ADC is not the best
sampling point of the signal in most cases. On the other hand, due to the instability
of the local clock source itself, it may also cause the sampling error of the system.
This sampling error includes both the sampling phase error and the sampling fre-
quency error. The clock error of the sampling signal, on the one hand, is due to the
imperfection of the sampling point, causing interference between sampling sym-
bols; on the other hand, the jitter of the sampling clock will also cause fluctuations
in signal performance. Therefore, in order to achieve optimal digital signal recov-
ery, a clock recovery module is needed in the actual system to eliminate the impact
of clock sampling errors. Considering that the dispersion will cause the disappear-
ance of the clock component, usually, the clock recovery module is placed after the
dispersion compensation or works with the dispersion compensation module to
form a unified balanced feedback module.

The feedback time-domain clock recovery algorithm is proposed by Gardner
[15]. This algorithm uses a feedback clock synchronization structure to estimate the
phase of the retiming digital clock source feedback by calculating the timing error.
The estimation of the timing error can track the frequency jitter of the signal, and
the application of this algorithm can achieve dynamic clock recovery. On the other
hand, the Gardner clock recovery algorithm only needs two samples per symbol and

Figure 10.
Frequency domain dispersion equalization with overlap method.
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the algorithm complexity is low. It is widely used in the digital signal processing
module of the coherent optical communication system.

3.2.4 Adaptive equalization and polarization demultiplexing

As CD compensation technology has been well promoted in optical fiber com-
munication systems, PMD becomes the primary impairment which limits the
information capacity and transmission distance for over 40Gbit/s systems [16–18].
Besides, PMD is a stochastic impairment that converts with time, temperature,
wavelength and fiber conditions which makes PMD hard to estimate and compen-
sate. In recent years, the research on how to overcome the performance deteriora-
tion of optical communication system caused by PMD effect has been a hot topic,
most of which focuses on PMD compensation [19, 20].

The adaptive equalizer is generally used to polarization demultiplex and PMD
compensation of channels. A two-by-two multiple-input multiple-output (MIMO)
structured finite impulse response (FIR) filters as shown in Figure 11 is used to
estimate the inverse Jones matrix of the dynamic channel [17].

The input sequence of the filter is symbol-spaced with index n, while the N tap
FIR filters, hxx, hxy, hyx and hyy are the column vector of length N. Tap weights are
updated every two samples as the input sequence is two-fold sampled. Therefore, xi
and yi represent a sliding block of N samples such that

xi nð Þ ¼ xi nð Þ, xi n� 1ð Þ… xi n�Nð Þ½ � (12)

yi nð Þ ¼ yi nð Þ, yi n� 1ð Þ… yi n�Nð Þ� �
(13)

We consider that ui nð Þ ¼ xi nð Þ, yi nð Þ� �
, hx nð Þ ¼ hxx nð Þ, hxy nð Þ� �

, hy nð Þ ¼
hyx nð Þ, hyy nð Þ� �

. And the filters outputs form as

xo nð Þ ¼ hHx nð Þui nð Þ (14)

yo nð Þ ¼ hHy nð Þui nð Þ (15)

where superscript :ð ÞH means the conjugate transpose.

Figure 11.
Framework of 2 � 2 MIMO structured FIR filters.

76

Fiber Optics - Technology and Applications



For fast adaptive equalizer, we generally use stochastic gradient descent (SGD)
optimizer to update the tap weights. Meanwhile, we need to choose a cost function
to describe the error degree of the output samples so that the equalizer can get the
response and update tap weights. For constant modulus algorithm (CMA), its cost
functions are given as

εx nð Þ ¼ R2 � xo nð Þj j2 (16)

εy nð Þ ¼ R2 � yo nð Þ�� ��2 (17)

where R2 is the real-valued constant and given by R2 ¼ E Xsym:

�� ��4=E Xsym:

�� ��2. The
update equations of FIR filters are given as

hx nþ 1ð Þ ¼ hx nð Þ þ μεx nð Þx ∗
o nð Þui nð Þ (18)

hy nþ 1ð Þ ¼ hy nð Þ þ μεy nð Þy ∗o nð Þui nð Þ (19)

where μ is the step size parameter and the superscript :ð Þ ∗ means the complex
conjugate operation.

The cost functions of CMA describe error degree between the amplitude of
output symbols and the proposed convergence radius [17, 18]. By updating the tap
weights of FIR filters with cost functions, the error degree can be minimized in a
certain extent and the output symbols can converge on a circle with the proposed
radius that equals to

ffiffiffiffiffi
R2

p
. The value of the constant R2 and step size can signifi-

cantly affect the convergence degree of CMA. Appropriate R2 helps CMA to con-
verge in less steps. Shorter step size can help CMA to get better convergence, but
the computation of the algorithm is also increased. CMA needs enough steps to
update and optimize its FIR filters. The output performance of CMA will be
insufficient if the proposed convergence length is not long enough.

All tap weights are initialized to zero except the central tap of hxx and hyy, which
are initialized to unity. The filter taps of hxx, hxy, hyx and hyy estimate the compo-
nents for data sequences. At the transmitter, data sequences for X and Y polariza-
tion are independent and only contain their own information. Thus, the central tap
of hxx and hyy are set to unity. After fiber transmission, the received signal is
contaminated by channel impairments and noise. With the contamination of noise
and the channel impairments caused by linear effects such as CD, PMD etc. or fiber
nonlinear effects, the received data sequences for X and Y polarization are no longer
independent. One or more symbols in the received sequences can interfere other
symbols, while the symbols for one polarization can interfere other symbols for
another polarization. The interference between polarizations can be estimated by
filter taps of hxy and hyx. Though updating filter tap weights, the 2 � 2 MIMO
structured FIR filters can gradually identify the components of each data sequence,
and the dynamic impairments of channel can be compensated. This process can also
achieve polarization demultiplexing.

It is worth noting that the CMA can be implemented in a full-blind mode, but it
set no constrain with its outputs. Therefore, it is possible for the equalizer to
converge on the same output, corresponding to the Jones matrix becoming singular.
In practice, we need to check if hx and hy become singular after the algorithm
running for certain steps, and if so, a mathematic process is necessary to make hx
and hy nonsingular and the whole algorithm should be restarted.

CMA is especially suited to the modulation format with constant amplitude such
as quadrature phase-shift keying (QPSK) and M-ary phase-shift keying (MPSK).
For the formats with inconstant amplitudes such as quadrature amplitude
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modulation, the CMA error cannot converge to zero as extra noise is introduced
during equalizing. To improve the SNR performance for the formats with
inconstant amplitudes, several multi-modulus algorithms such as radius-directed
algorithm (RDA) and cascaded multi-modulus algorithm (CMMA) are established
[21, 22].

As CMA set at real-valued constant R2, CMMA set several constants which
depends on the ideal constellations. According to the distance between the input
symbol and the constellation origin, the algorithm estimates which circle the symbol
belongs to. Then CMMA calculates the error using the estimated radius. The rest of
CMMA algorithm steps are same as CMA.

Compared with CMA, the CMMA significantly improves the SNR performance
for high order QAM. But it reduces the robustness of the filter converging process.
This is because multi-modulus algorithm depends on correct decision on symbol
radius. For high order QAM format, the distance between different circles is less
than the minimum symbol interval. Therefore, the algorithm may make massive
mistake over the circle decision if the signal is severely contaminated by channel
impairments and noise.

3.2.5 Frequency offset estimation

In the coherent optical communication system, the transmitting laser and the
local oscillator laser work independently, so the central wavelength cannot be
exactly the same, so there is a certain frequency deviation Δf . It will introduce a
continuous phase variation along with time to the received signal, resulting in
constellation rotation, so it is necessary to estimate and compensate the frequency
offset by DSP. Through FFT operation, the spectrum of received symbol’s fourth
power value is obtained and analyzed, it can be found that there is a peak compo-
nent at the frequency of 4Δf , therefore, Δf can be obtained by searching for the
maximum spectral component of the fourth-power value of received symbol. Usu-
ally, due to the lack of spectral resolution and other reasons, there will be residual
frequency offset after estimation, which can be looked at as additional phase noise
and recovered by carrier phase recovery.

3.2.6 Carrier phase recovery

Carrier phase recovery (CPR) is an essential DSP unit in coherent systems and
has been extensively investigated for QPSK and QAM signals. Like frequency offset
estimation algorithms, carrier recovery algorithms can be classified as either blind
or data-aided estimation techniques. And the algorithms can be implemented in
feedforward manner or in feedback structure [23, 24]. Compared to the constella-
tion for QPSK, the constellation points for QAM vary in both phase and amplitude.
Moreover, the modulated signal phase is with multiple values. Viterbi-Viterbi phase
estimation (VVPE) algorithm using a fourth-power operation which is suitable for
QPSK is hard to completely remove the signal phase and estimate the carrier phase.
At present, the algorithms for QAM CPR mainly include Blind phase searching
(BPS), improved BPS (BPS/maximum likelihood), decision aided maximum
likelihood (DA-ML), etc. [25–27]

BPS is recognized as a favorable solution due to its high performance and
suitability for parallel processing and can be used in feedforward manner.

Figure 12 shows the block diagram of the BPS algorithm in pure feedforward
manner. The input signal xi is sampled at the symbol rate. The received signal xi is
rotated by B test carrier angles φb with
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φb ¼
b
B
∙
π

2
, b∈ 0, 1, … ,B� 1f g (20)

then all rotated symbols are fed into a decision circuit, which output the ideal
constellation points with the minimum Euclidean distance to the input symbols.
The squared distance dk,bj j2 to the closest constellation point is calculated in the
complex plane

dk,bj j2 ¼ xk exp jφbf g � ⌊xk exp jφbf gD⌋
�� ��2 (21)

in order to remove the other initial noise distortions from the receiver, the
distance of 2N + 1 consecutive test symbols rotated by the same carrier phase angle
φb are summed up

sk,b ¼
XN
n¼�N

dk�n,bj j2 (22)

the optimum value of the filter half width N depends on the laser linewidth
times symbol rate product. N = 6, … ,10 is generally a good choice.

After filtering the optimum phase angle Δφest: by searching the minimum sum of
distance values, then the output symbols yi, which is the input symbols xi rotated by
Δφest:, is outputted for the following DSP in coherent systems.

Due to the 4-fold ambiguity of the recovered phase in the square M-QAM, the
blind algorithms may cause incorrect phase estimation by a multiple of π=2 causing
cycle slip. This problem can be solved by using framing information or by applying
differential coding [23–25].

Though BPS shows a good tolerance to laser phase noise and can be flexibly
applied to higher order QAM, with an increasing modulation order a larger number
of test phases are required and the computation complexity increases. Therefore, an
improved BPS algorithm with a two-stage diagram has been established [24]. The
first stage of improved BPS just requires rough estimation and the required number
of test phase φb can be reduced. A maximum likelihood phase estimator is
introduced in the second phase to improve the accuracy. This two-stage BPS/ML
algorithm effectively improves the performance with the computation complexity
and availability of BPS algorithm remained.

Figure 12.
BPS diagram in feedforward manner.
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3.2.7 Summary

This section introduces a series of impairment compensation algorithms for
coherent optical communication system. Here, the constellation diagrams of
60GBaud 16QAM signal in DSP process is given in the Figure 13. Through the
algorithms in this section, we can realize the signal orthogonalization and normali-
zation, compensate the fiber dispersion, eliminate the clock sampling error, depo-
larize the multiplexing and equalize channel response at the same time, and finally
recover the carrier phase to get the constellation of the original transmission signal.
A series of impairment compensation algorithms based on DSP at the receiver end
lay the foundation for high-speed, large-capacity and long-haul optical
transmission.

4. Conclusion

In this chapter, first we propose a probabilistic shaping 16QAM modulation
scheme based on trellis coded modulation. Through non-uniform probability map-
ping of TCM-16QAM subset, an effective and good overall probability distribution
of 16QAM constellation is obtained. The scheme is successfully demonstrated in a
25 km single-mode fiber transmission system, and better OSNR gain and BER
performance are obtained. Then impairment compensation techniques in coherent
optical communication are introduced from two aspects, transmitter side and
receiver side, pre-emphasis and look-up table technology have been widely used in
the impairment compensation of the transmitting devices, while the DSP process at
the receiver side is more complicated, including GSOP, clock recovery, dispersion
compensation, dynamic equalization, and carrier phase recovery. Using DSP tech-
nology can effectively mitigate the impairment of optoelectronic devices and optical
fiber links, and it is an effective method to realize ultra-high speed, large-capacity
and long-haul transmission.
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Chapter 5

OAM Modes in Optical Fibers for
Next Generation Space Division
Multiplexing (SDM) Systems
Alaaeddine Rjeb, Habib Fathallah and Mohsen Machhout

Abstract

Due to the renewed demand on data bandwidth imposed by the upcoming
capacity crunch, optical communication (research and industry) community has
oriented their effort to space division multiplexing (SDM) and particularly to mode
division multiplexing (MDM). This is based on separate/independent and orthogo-
nal spatial modes of optical fiber as data carriers along optical fiber. Orbital Angular
Momentum (OAM) is one of the variants of MDM that showed promising features
including the efficient enhancement of capacity transmission from Tbit to Pbit and
substantial improvement of spectral efficiency up to hundreds (bs-1 Hz-1). In this
chapter, we review the potentials of harnessing SDM as a promising solution for
next generation global communications systems. We focus on different SDM
approaches and we address specifically the MDM (different modes in optical fiber).
Finally, we highlight the recent main works and achievements that have been
conducted (in last decade) in OAM-MDM over optical fibers. We focus on main
R&D activities incorporating specialty fibers that have been proposed, designed
and demonstrating in order to handle appropriates OAM modes.

Keywords: Space Division Multiplexing (SDM), Mode Division Multiplexing
(MDM), Orbital Angular Momentum (OAM), Specialty optical fibers

1. Introduction

Bandwidth-hungry applications and services, such as HDTV, big data, quantum
computing, 5G/6G communication, industry 4.0 and game streaming, in addition to
the exponential increase of users and connected devices (Internet of Things: IOT),
may cause a capacity crunch in near future [1–3]. While other physical limitations
behind the capacity crunch are based on the nonlinear Shannon limit and the
scalability of actually deployed devices. The cited emerging applications (i.e. para-
digms) has pushed telecommunications community (researchers & industries) to
grow through multiple stages by developing higher capacity optical networks in
optical fiber based links targeting to deal with the evolution of the market need for
telecoms and Internet data services and paving the road to surpass the upcoming
capacity limit challenges [4].

Recently, the capacity and the spectral efficiency of optical fibers have been
substantially improved (i.e. scaling by several orders of magnitude) by using
different multiplexing techniques and advanced optical modulation formats.
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These multiplexing techniques are based on the exploitation of degrees of freedom
of the optical signal to encode data information. The time, as time division
multiplexing (TDM: interleaving channels temporally), the polarization,
Polarization division multiplexing (PDM), the wavelength, as wavelength division
multiplexing (WDM: using multiple wavelength channels) and the phase
(quadrature) are examples of such techniques [5].

Research and industrial community had recently oriented their effort towards
Space Division Multiplexing (SDM) techniques that is based on the exploitation of
the spatial structure of the light or the physical transmission medium to encode
information. Simply, SDM consists of increasing the number of data channels
available inside an optical fiber. Two attractive embodiments of SDM are core
division multiplexing (CDM) and mode division multiplexing (MDM) [6]. CDM is
simply considered as the increasing of parallel single mode cores, carrying informa-
tion, embedded in the same cladding of optical fiber (known as multicore fiber
MCF) or single core fibers bundles [7]. Mode division multiplexing (MDM) is based
on excitation and propagation of several spatial optical modes as individual/sepa-
rate/independent data channels within common physical transmission medium
targeting to boost the capacity transmission [8]. MDM is realized by multimode
fibers generally over short haul interconnect transmission or few mode fibers as
transmission medium for long haul transmission link. Numerous mode basis have
been used for mode division multiplexing showing its effectiveness to scale up from
Terabit to Petabit the capacity transmission and unleash from dozen to hundred
(bit/s/Hz) the spectral efficiency over optical fiber.

It is well known that light can carry Angular Momentum (AM) that expresses the
amount of dynamical rotation present in the electromagnetic field representing the
light. The AM of light beam is divided into two distinct forms of rotation: Spin Angular
Momentum (SAM) and Orbital Angular Momentum (OAM) [9]. The SAM is related
to the polarization of light (e.g. right or left in circular polarization) while the OAM is
related to the spiral phase front of exp. (jlφ) where l is a topological charge number
(arbitrary unlimited integer), and φ is the azimuthal angle. Orbital angular momentum
(OAM) of light, (known as twisted light), an additional degree of freedom, is arguably
one of the most promising approaches that has recently deserved a special attention in
optical fiber networks. Benefiting from two inherent features, which are:

(1) The orthogonality: where as a definition two signals are orthogonal, if data
sent in these two dimensions can be uniquely separated from one another at the
receiver without affecting each other’s detection performance. Two OAM modes
with different charge number l do not interfere.

(2) The unlimitleness: the charge number l is theoretically infinite. Hence, Each
OAM mode (each specifically l) is an independent data channels. OAM modes has
been harnessed in multiplexing/de-multiplexing (OAM-MDM) or in increasing the
overall optical channel capacity [10, 11].

As any promising technology, OAM-MDM through optical fibers is facing sev-
eral key challenges, and lots crucial issues that it is of great importance to handle
with it in order to truly realize the full potential of this technique and to paving the
road to a robust transmission operation with raised performances in future
communication systems.

In strict sense ‘Mode division multiplexing’, means that the modes (channels)
are separate and should remain uncoupled and not interfere with each other (i.e.
orthogonal). Hence, mode coupling (e.g. channels crosstalk) is the major obstacle
for OAM-MDM. Channels crosstalk is obviated by either fiber design or multiple
input multiple output digital signal processing (MIMO DSP) [9–11].

By carefully manipulating the fiber design parameters, it is possible to supervise
the interactions between propagated modes and even control which modal basis is
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incorporated: LP-fibers where the separation between vector modes are inferior to
1 � 10–4, or OAM-fibers where the intermodal separation exceeds 1 � 10–4, since
either LP or OAM modes are constructed from fiber eigenmodes themselves [9].
This better facilitates understanding each fiber parameter impact and smooth the
way of transition from design stage to fabrication process. Adding to that, exploit
MIMO DSP is considered as the extreme choice to decipher channels at the receiv-
ing stage since it is heavy and complex. Its complexity is came from its direct
proportionality to the transmission distance and to the number of modes. This allow
it to become impractical in real time and threats the scalability of MDM in next
generation optical communication system. For OAM-MDM systems using optical
fibers, the fiber design stage is considered as the most crucial part and there is still a
lot of opportunities for improved designs. New fiber designs for OAM mode trans-
mission over short/medium and longer distances or among higher number of modes
or possess a high performance metrics have been proposed and examined.

With the different related key challenges, this chapter offers a review of the
state-of-the-art of SDM advances especially on OAM-MDM over optical fibers. In
the first section, we discuss the SDM approaches as a solution to the expected
capacity limit. The different mode basis supported in optical fibers are presented
and discussed as either cylindrical vector modes, LP modes or OAM modes. The
second section acts as a survey on recent advances (over last ten years) in OAM-
MDM over optical fibers. We review the research effort invested in harnessing
OAM as a degree of freedom to carry data in optical fiber networks. We summa-
rized the key obtained results in the main family of optical fibers (i.e. conventional
fibers and OAM specialty fibers) using OAM modes.

2. SDM over optical fibers

Space division multiplexing (SDM) has attracted high interest. It has revealed
multiple directions of exploration and development. SDM consists of exploiting
space-independent communication channels in both guided waves (e.g. optical
fibers) or free space optical link (FSO). The channels’ type vary depending in
which factor of SDM we are exploiting; diversified cores, multiplexed LP modes or
modes carrying OAM, multiple cores each supporting few multiplexed LP modes
and so on.

Two main subset in SDM could be explored: core division multiplexing (CDM)
where information is transmitted through cores (or fibers) of multicore fibers or
mode division multiplexing (MDM), where information is transmitted through
propagating modes of few or multimode fibers.

2.1 Core division multiplexing (CDM)

In principle, two main schemes are used. The first is based on the use of Single-
core Fiber bundle (i.e. fiber ribbon) where parallels single mode fibers are packed
together creating a fiber bundle or ribbon cable. The overall diameter of these
bundles varies from around 10 mm to 27 mm. Fiber bundles deliver up to hundreds
of parallel links. Fiber bundles have been commercially available [12, 13] and
deployed in current optical infrastructure for several years already. Fiber bundles
are also commercially used in conjunction with several SDM transceiver
technologies [14].

The second scheme is based on carrying data on single cores (each core supports
single mode) embedded in the same fiber known as Multicore Fibers (MCFs).
Hence, each core is considered as an independent single channel (Figure 1).
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The most important constraint in MCFs is the inter-core crosstalk (XT) caused by
signal power leakage from core to its adjacent cores that is controlled by core pitch
(distance between adjacent cores denoted usually as ʌ) [15]. There are in Principle,
two main categories of MCF: weakly coupled MCFs (=uncoupled MCF) and
strongly coupled MCFs (=coupled MCF) depending on the value of a coupling
coefficient ‘K’ (used to characterize the intercore crosstalk) [16–18]. Using the so-
called supermodes to carry data, the crosstalk in coupled MCF must be mitigated by
complex digital signal processing algorithms, such as multiple-input multiple-
output digital signal processing (MIMO-DSP) techniques [19]. On the contrary, due
to low XT in uncoupled MCF, it is not necessary to mitigate the XT impacts via
complex MIMO. In principle, three crosstalk suppression schemes in uncoupled
MCF could be incorporated, which are trench-assisted structure, heterogeneous
core arrangement, and propagation-direction interleaving (PDI) technique [7].

The first paper on communication using MCF demonstrate a transmission of
112-Tb/s over 76.8 km in a 7-cores fiber using SDM and dense WDM in the C + L
ITU-T bands. The spectral efficiency was of 14 b/s/Hz [20]. The second paper [21]
shows an ultra-low crosstalk level (≤ � 55 dB over 17.6 km), which presents the
lowest crosstalk between neighboring cores value to date. Other reported works,
show high capacity (1.01Pb/s) [22] over 52 km single span of 12- core MCF. In [23],
over 7326 km, a record of 140.7 Tb/s capacity are reached.

2.2 Mode division multiplexing (MDM)

Carrying data on optical fiber modes known as mode division multiplexing. In
that scenario, each propagating mode is considered as independent channel [5, 24].
Two types of fiber are dedicated to support that strategy. One is based on the use of
multimode fibers (MMF) while the second exploits the known few-mode fibers
(FMF). The main difference between both is the number of modes (available
channels). Since MMF can support large number of modes (tens), the intermodal
crosstalk becomes large as well as the differential mode group delay (DMGD),
where each mode has its own velocity, reducing the number of propagating modes
along the fiber becomes viable solution. This supports FMF as a viable candidate for
realizing SDM [5]. The concept of mode division multiplexing over a few/multi-
mode fiber is illustrated in Figure 2.

Other kinds of optical fiber that can be used in MDM such as photonic crystal
fibers (PCFs). Based on the properties of photonic crystals, PCF confines light by
band gap effects, using air holes in their cross-sections, or by a conventional higher-
index core modified by the presence of air holes. The PCF is built of one material
(SiO2, As2S3, Polymers, etc), and air holes are introduced in the area surrounding
the core providing the change of the refractive index contrast between the core and

Figure 1.
SDM through MCF.
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the cladding. The transposition of air holes laid to form a hexagonal or circular
lattice. Figure 3 recapitalizes the principle SDM approaches over optical fibers [25].

2.3 Guided modes of optical fibers

We look into the different modal basis that can be supported by optical fibers.
Like all electromagnetic phenomena, the propagation of optical fields along optical
fiber is governed by Maxwell’s equations. Several modal basis can describe the

Figure 2.
The concept of mode division multiplexing over a FMF/MMF.

Figure 3.
Different approaches for SDM over optical fibers.
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propagation in optical fibers. In this chapter, fiber guided modes that we will meet
are vector modes (i.e. fiber eigenmodes), linear polarized modes (i.e. LP modes)
and orbital angular momentum modes (i.e. OAM modes). In the following, we
provide general notions including mathematical expressions of modes of each mode
basis.

2.3.1 Cylindrical vector modes

In the absence of the current in the medium, Maxwell equations are reduced to
two homogeneous vector wave equations given by the following expressions [26]:

∇2
�!þ k2n2
� �

E
! ¼ �∇

!
E
!
:∇
!
ln n2

� �
(1)

∇2
�!þ k2n2
� �

H
! ¼ ∇

! �H
!� �

� ∇
!
ln n2 (2)

Where E
!
and H

!
are the electric and magnetic field respectively and n is the

refractive index profile function. If we apply the boundary conditions according to
the geometry and fiber refractive index, we get eigenvalues equation. Each solution
of that equation is guided mode known by effective index neff. In cylindrical
coordinates, for example, the electrical and magnetic fields are expressed as:

E
! ¼ r!Er þ ϕ

!
Eϕ þ z!Ez

h i
exp jβz� jωtð Þ

H
! ¼ r!Hr þ ϕ

!
Hϕ þ r!Hz

h i
exp jβz� jωtð Þ

8><
>:

(3)

Where Er, Hr are radial components, Eϕ and Hϕ are azimuthal components. r!,

ϕ
!
and z! are unitary vectors. β = 2πneff/λ is the propagation constant of guided mode,

ω = 2πc/λ = kc is the pulsation; λ and c are the wavelength and light velocity both in
vacuum, respectively. Guided modes in circularly symmetrical optical fiber are
denoted as transverse electric (TE0,m) or transverse magnetic modes (TM0,m), if
Ez = 0 or Hz = 0 respectively. Other kind of modes are HEν,m and EHν,m those where
Ez 6¼ 0 or Hz 6¼ 0 (transverse components) are noted as hybrid modes. The desig-
nation HEν,m stands for a hybrid mode for which Hz is dominant compared to Ez,
while for EHν,m, Ez is dominant compared to Hz. The indexes ν and m are the
azimuthal and radial indices. ν is related to the number of symmetry axes in the
azimuthal dependency of the fields, and m is related to the number of zeros in the
radial dependency of the fields.

Because of the circular symmetry, the field must keep the same value after a full
2π azimuthal rotation, thus, the components Ez and Hz have a dependency
according to cos(νϕÞ or sin(νϕÞ: hence, in circularly symmetrical optical fiber,
hybrid modes are composed by two modes: one even while the other is odd. In the
even mode, the radials components (Er) and azimuthal component (HϕÞ are with cos
(νϕÞ (i.e. Ox symmetry). The components Eϕ and Hr have dependency according to
sin(νϕÞ (i.e. Oy symmetry). The radial, azimuthal and longitudinal electrical field
components of even and odd modes are given by the following expressions:

Eeven
r ¼ er rð Þ cos νϕð Þ

Eeven
ϕ ¼ �eϕ rð Þ sin νϕð Þ
Eeven
z ¼ ez rð Þ cos νϕð Þ

8><
>:

(4)
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Eodd
r ¼ er rð Þ sin νϕð Þ

Eodd
ϕ ¼ eϕ rð Þ cos νϕð Þ
Eodd
z ¼ ez rð Þ sin νϕð Þ

8><
>:

(5)

The modes HEeven=odd
ν,m ,HEeven=odd

ν,m ,TE0,m and TM0,m are usually denoted as vector
modes, cylindrical vector modes or fiber eigenmodes.

2.3.2 Scalar modes: LP modes

Frequently, the refractive index difference between core and cladding in optical
fiber is very small (ncore ≈ ncladding). We are then under the weakly guiding condi-
tion, and some approximations can be applied. The term “∇ln n2” is neglected in
expression 1. The wave equation becomes scalar. The resulted modes are linearly
polarized designated usually as LPlm modes. LP modes are quasi-TEM guided
modes, and have negligible Ez and Hz components. Therefore, they only have one
component in the E field and one component in the H field (by convention, either
Ex and Hy, or Ey and Hx in cartesien coordinates). This is why we call them scalar
modes. The even modes are with cos(lϕÞ, while odd modes are varies with sin (lϕÞ. l
is the azimuthal number while m has the same definition as in vector modes [26].
The electric field components of even and odd modes (after variable separation:
radial and azimuthal) are given by the next expressions:

Eeven
x ¼ ex rð Þ cos lϕð Þ (6)

Eeven
y ¼ ey rð Þ cos lϕð Þ (7)

Eodd
x ¼ ex rð Þ sin lϕð Þ (8)

Eodd
y ¼ ey rð Þ sin lϕð Þ (9)

Practically, the LP modes come from linear combination between cylindrical
vector modes. The correspondence between the linearly polarized modes and the
conventional cylindrical vector modes is shown below (Table 1).

2.3.3 OAM modes

Optical fiber can support OAM modes by correctly superposing the even and
odd modes for each HEl,m and EHl,m vector mode with � (π/2) phase shift [27, 28].
Taking into consideration the circular polarization of OAM states (spin); OAM
modes are denoted as OAM�

�l,m where � superscript describes the spin angular
momentum (circular polarization), l and m subscript denote the azimuthal and

Cylindrical vector modes LP modes Cylindrical vector modes LP modes

HEodd
1m LPy

0m HEeven
2m � TM0m LPeveny

0m

HEeven
1m LPx

0m HEodd
lþ1ð Þm þ EHodd

l�1ð Þm LPoddx
lm

HEodd
2m þ TE0m LPoddx

1m HEodd
lþ1ð Þm � EHodd

l�1ð Þm LPoddy
lm

HEodd
2m � TE0m LPoddy

1m
HEeven

lþ1ð Þm þ EHeven
l�1ð Þm LPevenx

lm

HEeven
2m þ TM0m LPevenx

0m HEeven
lþ1ð Þm � EHeven

l�1ð Þm LPeveny
lm

Table 1.
The correspondence between LP modes and the CV modes.
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radial indices respectively. l is the topological number (number of twist in intensity
profile), m describes the number of nulls radially (rings) in the intensity profile of
the OAM mode. The magnitude of SAM equal �sħ where s = +1 (left) or s = �1
(right). The magnitude of OAM equals �lħ. The total angular momentum AM is the
sum of SAM and OAM with a magnitude of (�l � s) ħ.

For the TM0,m and TE0,m modes, the combination between them with a � (π/2)
phase shift, carries the same magnitude of SAM and OAM but with opposite sign,
making the total angular momentum equal to zero. This mode is not stable and
cannot propagate, because the propagation constants of TE0,m and TM0,m modes are
different. Therefore, we call this an unstable vortex. OAM modes made from HE1,m

modes would have a spin, but no topological charge (l = 0). Therefore, this is not a
true OAM mode, but simply a vector mode with circular polarization. However, we
will consider it as OAM0,m, in a more general definition.

OAM modes made from HEl,m modes are rotating in the same direction as the
spin (aligned spin-orbit modes), and OAM modes made from EHl,m modes are
rotating in the opposite direction as the spin (anti-aligned spin-orbit modes). If we
take an even and an odd mode, with a π/2 phase difference, and we sum the fields
(expressions 1.5 and 1.6), we can get as a resulting field:

Er ¼ er rð Þ exp �jνϕð Þ
Eϕ ¼ jeϕ rð Þ exp �jνϕð Þ
Ez ¼ ez rð Þ exp �jνϕð Þ

8><
>:

(10)

The synthetic formula are as given in the following expressions

HEeven
lþ1,m � i�HEodd

lþ1,m ¼ OAML=R
�l,m

EHeven
l�1,m � i� EHodd

l�1,m ¼ OAMR=L
�l,m

TM0m � jTE0m ¼ OAM�
∓1m

8>><
>>:

(11)

To summarize, for a given topological charge l, there are four possible OAM
modes: two different spin rotation, and two different phase rotation. This is
illustrated in Figure 4. The only exceptions are for OAM�1,m, where spin and
topological charge always have the same sign, and for OAM0,m, where there is no
topological charge (only spin) [28].

Moreover, others OAM construction formulas are explored based on two
spatially orthogonal linear polarized (LP) modes owning orthogonal polarization

Figure 4.
The four OAM mode degeneracies (reproduced from [28]).
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directions (with a � π/2 phase shift) which can be obtained by solving the scalar
version of Maxwell equation (the scalar Helmholtz (wave) equation) under the
weakly guiding approximation [29]. The LP-OAM synthetic formula are as follows:

LPax
lm � iLPbx

lm

LPay
lm � iLPby

lm

( )
¼ Fl,m rð Þ: x!OAM�l,m

y!OAM�l,m

( )
(12)

where x! and y! are the linear polarization along the x-axis and y-axis
respectively, Fl,m rð Þ is the radial field distribution. The difference between OAM
modes generated from fiber vector modes (CV-OAM) possess circular polarization
while those generated from LP modes (LP-OAM) are the linear polarization
(has no SAM).

3. OAM-MDM through optical fibers

OAM has seen application in optical communication due to the theoretically
unprecedented quantities of data that can be modulated, multiplexed, transmitted
and demultiplexed through either free space link (FSO as Free Space Optics), or
optical fibers. Optical communications has exploited the physical dimension of
optical signal to encode and transmit individual/separate/independent data stream
through the same transmission medium (optical fiber or FSO). Since, the OAM is
linked to the spatial phase distribution of light beam, it has been included under the
space dimension as a subset or embodiment of SDM (space division multiplexing).
In addition, since OAM is independent of wavelength, quadrature, and polarization,
it provides an additional dimension for encoding information [30, 31]. The interest
on OAM in communication (including optical, radio, underwater) has grown dra-
matically. Figure 5(a) and (b), which highlights the number of published papers
(conferences paper, books, journal papers and patents), translates that huge inter-
est. In Figure 5(a), we plot the number of published papers dealing with OAM in
optical communication in last decade while Figure 5(b) shows the number of
papers dealing with OAM in optical fibers, both are according to Google Scholar.

The worldwide backbone of high-capacity wired communications is optical
fiber. The uses of OAM basis in optical fiber was a challenge to communication
community. For a long time, optical fibers were only used for the generation or the
transformation of OAM modes, and not for supporting their transmission [32]. The
notion of transmitting OAM modes was demonstrated (theoretically, numerically,

Figure 5.
Number of papers published dealing with (a) OAM in optical communication over ten years (ranging from
2011 to 2020), (b) OAM in optical fibers over the same period (according to Google scholar).
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and experimentally) through conventional optical fibers (classical deployed fibers),
or specialty fibers that have been specifically designed to transmit robust OAM
modes. In the following, we present kinds of optical fibers based on the consider-
ation of their refractive indexes, (e.g. graded, step, ring, etc.), geometrical features
(MMF, SMF, and FMF etc.) and transmission caracteristics (MDM, CDM, PCF,
kind of appropriate modes, etc.) and so on. We highlight the main design and
principles results achievements.

3.1 Conventional fibers

Two examples of conventional optical fibers are multimode fiber MMF (e.g.
OM1, OM2, OM3, OM4) where generally their refractive index are graded (GIF)
and single mode fiber (e.g.G652) where the profile is step index (SMF). Conven-
tional MMFs have large cores that are usually approximately 50 μm and can support
hundreds of modes. Due to severe inter-modal dispersion limitations, MMF were
replaced by single mode fibers (SMFs) that have a relatively small core radius (not
exceeding 10 μm). The refractive indexes of both fibers (OM3, and G652 defined by
ITU-T) are depicted in Figure 6(a) and (b).

The most commonly used modal basis for fibers are LP modes. LP modes are not
exact fiber modes, and can be simply viewed as combinations of fiber eigenmodes
transverse (TE, TM, HE and EH) as indicated above.

Other type of fibers are few mode fibers (FMF) which consist of an improved
version of MMF. They support a limited number of modes, as one of the key
components for SDM for optical networks. The first paper that mentioned the
possibility of transmitting OAM modes through optical fiber is from Alexeyev et al.
in 1998 [33]. The authors demonstrated that the solution for OAM modes could
exist in optical fibers (MMF). Considering the propagation of OAM modes through
the cited fibers, the analysis of OAM in conventional graded index multimode fiber
was reported (theoretically and numerically) [34]. In that paper, Chen and his
co-authors presented a comprehensive analysis of the ten-OAM modes groups
supported in OM3, including mode coupling, chromatic dispersion, differential
group delay, effective mode area and nonlinearities.

Later on, the same team demonstrated experimentally the transmission of four-
OAM mode group in OM3 MMF using mode exciting and filtering elements at the
2-fiber extremity. Moreover, they demonstrated two OAM mode groups transmis-
sion over 2.6-km MMF with low crosstalk free of MIMO-DSP [35]. In 2018, Wang
et al. reported the successful transmission of OAM modes over 8.8-km OM4 MMF
[36]. Wang and co-workers demonstrates a 120-Gbit/s quadrature phase-shift

Figure 6.
Refractive indexes of (a) graded index fiber (multimode fiber) and (b) step index fiber (single mode fiber).
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keying (QPSK) signal transmission over 8.8-km OM 4 MMF with 2 � 2 and 4 � 4
MIMO-DSP. In second stage, they demonstrate the data-carrying two OAM mode
groups (6 OAM states) multiplexing transmission over 8.8 kmMMF without MIMO
equalization.

The OAM in SMF (ITU-T G.652) was investigated, in [37]. The investigation was
performed over 3 visible wavelengths (red at 632.8 nm, green at 532 nm, and blue at
476.5 nm) when G.652 becomes a few mode fiber. The synthetized OAMmodes was
investigated through effective mode area, nonlinearity, tolerance to fiber ellipticity
and bending. The authors analyzed and estimated the fiber attenuation and band-
width/capacity for OAM modes over six levels of wavelengths.

Few mode fibers (FMFs) with classical refractive index profile (step/graded),
was used to transmit OAM modes. The transmission of OAM modes over FMF
required a MIMO-DSP in combination with coherent detection to equalize the
intermodal crosstalk. It was demonstrated in [38] the transmission of four OAM
beams over 5-km FMF. Each transmitted OAM state carrying 20 Gbits/s QPSK data.
MIMO DSP was used to mitigate the mode coupling effects. A graded index few
mode fiber has been designed in [39] in order to support 10 OAM orders with high
purity (≥ 99.9%) enabling low intermodal crosstalk (≤-30 dB). Later, in [40] Wang
et al. demonstrated the viability of OAM modes transmission over both 50-km and
10-km FMFs. By adopting LDPC codes, the DMD and mode coupling was
improved. In [41], Zhu et al. proposed and demonstrated a heterogeneous OAM
based fiber by splicing 2 FMFs and MMF (OM3). Over 2 OAM modes, Zhu and co-
workers transmit 20-Gbit/s QPSK data without MIMO-DSP. Recently, we proposed
a family of graded index few mode fibers (four fibers) that supports 12 OAM states
[42]. The evaluated differential group delay (DGD) and OAM purity demonstrate
the viability of proposed fibers for short/medium haul connections.

3.2 OAM specialty fibers

OAM has changed the common features of optical fiber design guidelines. Cut-
ting with the often-classical notion for imposing the center core to be the highest
index of refractive (graded & step). In addition, the improvement of optical fibers
fabrication technologies (materials & schemes) has made the fibers characteriza-
tion no more challenging. New optical fibers with complicated shapes and high
refractive index contrast have been experimentally characterized (demonstrated).
The Modified Chemical Vapor Deposition (MCVD) is in principle one of the most
fiber fabrication method that has been extensively used.

3.2.1 OAM-fibers recommendations and design guidelines

Mainly three common features between OAM specialty fibers are identified. The
first consists of the high contrast between core and cladding refractive indexes
(jumps/contrasts) increasing the mode effective indices separation (Δneff), hence
enabling low induced crosstalk. The same feature involves the formation of OAM
modes from cylindrical vector modes and avoid them to couple into LP modes. It is
proved that minimum Δneff of 10

�4 is enough to keep robust OAM modes. This key
value guarantees the minimum interaction between channels and prevents mode
coupling inducing channels crosstalk XT. It has been demonstrated that through
MCVD, a contrast of 0.14 is achievable with GeO2-SiO2 composition [43]. The
second is about the refractive index profile that matches the donut shape of inten-
sity profile of OAM mode (Ring shape: Figure 7). Thus, the Ring shaped (known
also as depressed core fibers) has been extensively designed in OAM context instead
of solid core fibers. Finally, the interfaces between fiber core and cladding preferred
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to be smoothed (instead of step (abrupt variation)) in order to eliminate the spin-
orbit-coupling inducing OAM mode purity impairment and intrinsic crosstalk.

3.2.2 Vortex fibers (VFs)

The first specialty FMF designed for OAM modes is vortex fiber [44]. The
designed fiber possess a good separation between co-propagating modes. Vortex
fiber was first introduced to create cylindrical vector beams represented by TE0,1

and TM0,1 modes (also known as polarization vortices). Proposed by Ramachandran
and al., Vortex fiber has a central core able to transmit the fundamental mode,
surrounded by a lower trench, and an outer ring able to transmit the first OAM
mode group. In first experience, they reported a transmission through more than
20 m fiber. Two years later, transmission of OAM through a 1 km fiber was reported
[45–49]. Figure 8 reported an optical microscope image of the end facet of the
vortex fiber and the numerically calculated properties of the vortex fiber. All the
experiments on OAMmodes on the designed vortex fiber were summarized in [48].

3.2.3 Air Core fibers (ACFs)

Air core fiber (ACF) was proposed in [50]. 12 OAM modes were transmitted
through 2 m of the fabricated ACF. Later on, 2 OAM modes were transmitted over
1 km of the fiber [51]. Among the main contributions, the authors demonstrated
that OAM modes with higher l value are less sensitive to perturbations like bends
and twists [52].

Within ROAM (revolution orbital angular momentum) project (EU H2020),
Laval University (COPL) proposed and fabricated an ACF that achieved the record

Figure 7.
OAMmode (a) phases pattern (e.g. OAM4,1), (b) normalized intensity, (c) fiber cross-section with ring shape.

Figure 8.
(a) Optical microscope image of vortex fiber, (b) numerically calculated properties [48].
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of OAM modes transmitted through an optical fiber. Benefiting from the high
refractive index contrast (air/silica), the fabricated fiber supports the transmission
of 36 OAM states [53]. Figure 9 shows the refractive index of ACF. Nevertheless,
the designed fiber possess a very high loss (up to few dBs per meters) which make it
unsuitable for communication. Recently, 10.56 Tbit/s has been demonstrated over
1.2 km ACF, without MIMO DSP, by carrying data over 12 OAM modes combined
with wavelength division multiplexing (WDM) [54]. Latest air core ring fiber is
designed to support more than 1000 OAM modes (using As2S3 as ring material)
across wide wavelength band covering S, O, E, S, C, and L Bands [55].

3.2.4 Inverse parabolic graded index fibers (IPGIFs)

Ung et al. proposed the inverse parabolic graded index FMF (IPGIF) to support
OAM modes [56, 57]. The refractive index of IPGIF is given by the following
expression:

n rð Þ ¼ n2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� 2NΔ

r2

a2

� �s
0≤ r≤ a coreð Þ

n3 r≥ a claddingð Þ

8><
>:

(13)

Where a, n1, n2, n3 are the core radius, the refractive index at the core cladding
interfaces, the refractive index at the core center and the refractive index of the
cladding, respectively. The parameter N controls the shape of the IPGF. The refrac-
tive index of IPGF is presented in Figure 10. Based on a first-order perturbations,
the authors highlighted the factors (refractive index, core radius and curvature
shape) that directly related to enhance the intermodal separation in proposed
IPGIF. Large refractive index gradient, high transverse field amplitude and large
field variation are reasons of high intermodal separation enabling low crosstalk.

The designed IPG-FMF possess a good effective indices separation
(Δneff > 2.1 � 10�4) between its supported vector modes, and the transmission of
eight OAM states (OAM�0,1, OAM�1,1 and OAM�2,1) was demonstrated over 1 m
which makes IPGIF suitable for short distances MDM transmission. On the other
hand, the transmission of OAM�1,1 over more than 1 km was demonstrated by
experiment, which makes the novel fiber as a promising candidate for long-distance

Figure 9.
Refractive index profile of an air (hollow) core fiber (ACF).
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OAM based MDM multiplexing system. Later on (2017), the multiplexing/
transmission and demultiplexing of 3.36 Tbits/s was demonstrated over 10-meters
inverse parabolic graded index fiber by using four OAM modes and 15 wavelengths
(WDM) [58].

3.2.5 Ring Core fibers (RCFs)

Due to the emerging interest in OAM-guiding fibers, already designed fiber for
LP modes was investigated through OAM. The Ring core fiber (RCF), which has
been introduced to minimize the differential group delay between LP modes, was
tailored to support and transmit OAM modes. This interest on ring core fiber come
from its refractive index profile that closely matches the annular intensity profile of
OAM beams (Figure 11). C. Brunet et al. present an analytic tool to solve the vector
version of Maxwell equations in RCF [59]. A fully vectorial description was
reported in order to better tailor the RCF to OAM context. Using the modal map
developed in [59], the group designed and manufactured a family of RCF (five
fibers) suitable for OAM transmission [60]. In [61] S. Ramachandran et al.
demonstrated the stability of OAM modes in RCF.

Recently, an RCF supported 50 OAM states divided into 13 mode groups (MGs)
has been numerically investigated using small MIMO DSP blocks [62]. Experimen-
tally, the transmission of two OAM mode-group is demonstrated over a 50 km ring
core fiber without the use of MIMO DSP [63]. Emerging papers considering the

Figure 10.
Refractive index profile of inverse parabolic graded index fiber (IPGIF).

Figure 11.
Examples of RCF refractive index profiles: (a) RCF (higher center) (b) RCF (lower center) and (c) RCF, a1
and a2 are inner and outer core radius respectively.

98

Fiber Optics - Technology and Applications



design of RCFs and the propagation demonstration of OAM modes through it that
we should mentions [64, 65].

3.2.6 Graded index ring Core fibers (GI-RCFs)

The ring notion touched the graded shape and a family of graded index ring core
fibers (GI-RCF) has been proposed, designed and fabricated to support OAM mode
group. Figure 12 shows the refractive index of GI-RCF. In [66], Zhu and co-
workers designed and fabricated the GI-RCF for OAMmodes. The fiber supports 22
OAM modes with low insertion loss (less than 1 dB/km). The crosstalk between the
highest order mode groups is less than 14 dB after10-km propagation. With such
fiber, a successful transmission of 32 Gbaud QPSk-data overall 80 channels is
experimentally demonstrated. A transmission capacity of 5.12 Tbits/s and a spectral
efficiency of 9 bit/s/Hz, over 10 km propagation was reported [67].

The second demonstration was performed over 18-km propagation. Recently,
the same group demonstrate the transmission of 12 Gbaud (8QAM) over 224
channels (2 OAM � 112 wavelengths). A transmission capacity of 8.4 Tbits/s was
achieved without MIMO DSP because of the large high-order mode group
separation of the OAM fiber [68].

To increase even further the capacity of the fiber link, OAM transmission was
reported over uncoupled multi core fibers. While a complete review on this topic
exceed the scope of this chapter, we can nevertheless mention some contributions.
Li and Wang designed seven-ring core fiber (MOMRF) supporting 154 data-
channels in total (22 modes� 7 rings) [69]. The proposed fiber featuring low-level
inter-ring crosstalk (�30 dB for a 100-km-long fiber) and intermodal crosstalk over
a wide wavelength range (1520–1580 nm). Later, in [70], Li and Wang proposed a
compact trench multi OAM ring fiber (TA-MOMRF) with 19 rings each supporting
22 modes (18 OAM states). The authors stated that such fiber is suitable for long
distance OAM transmission enabling Pbit/s total transmission capacity and hun-
dreds bit/s/Hz spectral efficiency. In [71], the authors proposed a coupled multi
core fibers to support OAM modes (multi-orbital-angular-momentum (OAM)

Figure 12.
Design of the GIRCF.
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multicore supermode fiber (MOMCSF). The designed supermode fiber show
favorable performance of low mode coupling, low nonlinearity, and low modal
dependent loss.

3.2.7 Inverse raised cosine few mode fibers (IRC-FMFs)

Using IPGI fiber as a benchmark, we proposed a novel fiber that is based on
inverse raised cosine function (IRCF). The standard raised cosine function (RCF)
when applied to a wideband signal steeply removes the high out-of-band signals,
making the filtered signal highly purified. Moreover, RCF is used in the same
context because it eliminates intersymbol interference [72]. The IRCF profile is
given by the following expression [73]:

n rð Þ ¼

n2 if 0≤ r≤ a
1� α

2
Coreð Þ

� 1
2 n2 � n3ð Þ 1þ cos

π

a� α

� �
r� a

1� α

2

� �� �� �
if a

1� α

2
≤ r≤ a

1þ α

2
Coreð Þ

n3 if r≥ a
1þ α

2
Claddingð Þ

8>>>>>><
>>>>>>:

(14)

where a is the core radius, n1 and n2 are respectively the maximum and the
minimum refractive indices of the core, n3 is the refractive index of the cladding
(r > a), and α is the profile shape. The refractive index of IRCF is shown in the
Figure 13. The IRC profile is practically thinner (or more concentrated around the
fiber axis) than the IPGI profile [73]. However, it is worthy to note that our profile
becomes much smoother when reaching the maximum index value n1. When
compared with IPGI-FMF, the inverse-raised-cosine function offers a large modal
separation. The enhanced separation is likely to hinder mode coupling, reducing the
system crosstalk and improving the transmission. Moreover, IRC-FMF has the
potential to handle OAM modes with high purity hence low intrinsic crosstalk
[73, 74].

Figure 13.
Index profiles of the IRC fiber (solid lines), with α ranging from 0 to 1 (reproduced from 73).
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3.2.8 Hyperbolic tangent few mode fibers (HTAN-FMFs)

Based on hyperbolic tangent function (HTAN), we proposed and designed a ring
core few mode fiber that we refer to as hyperbolic tangent few mode fiber (HTAN-
FMF). The function HTAN was not common in optical fiber profiling. It is widely
used in various fields/domains such as digital neural networks, image processing,
digital filters, and decoding algorithms [75–77] but not common in waveguide and
optical fiber designs. Intuitively, one of the most attractive criteria in hyperbolic
tangent function, used as an activation function in neural network, is its strong
gradient centered around the inflection point (switch point). This is the same
criteria required from an optical fiber profile in order to enhance the intermodal
separation. The refractive index of HTAN-FMF is given by the following
expression [78]:

n rð Þ ¼

n2 if 0≤ rj j≤ a
1� αð Þ
2

Coreð Þ
n1 þ n2

2
þ Δn
2:Tanh πð Þ � Tanh

π � r� a1ð Þ
a1 � α

� �� �
if a

1� αð Þ
2

≤ rj j≤ a
1þ αð Þ
2

Coreð Þ

n1 if a
1þ αð Þ
2

≤ rj j≤ a Coreð Þ

n3 if rj j≥ a Claddingð Þ

8>>>>>>>>>><
>>>>>>>>>>:

(15)

Where n1, n2, n3 are the refractive index at the core-cladding interface, at the
core center, and at the cladding region, respectively. a, a1 and α are the core radius,
the half of core radius (a1 = a/2) and the shape parameter respectively. Δn is the
actual refractive index difference (i.e. Δn = n1-n2) which corresponds to the extent
of hyperbolic tangent function inside the core. The shape parameter α controls the
shape behavior of HTAN function. The refractive index of HTAN is illustrated in
Figure 14. The proposed HTAN-FMF achieves a wide intermodal separation
(between cylindrical vector modes) especially between TE0,1, HE2,1, and TM0,1

Figure 14.
Refractive index profile of HTAN fiber for different values of profile shape α [78].
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(≥3 � 10�4). This enables low-level crosstalk channels carrying data during propa-
gation and outperforms what is existing in the literature [78]. On the other hand,
even with an exterior abrupt variation, the inner smooth behavior of HTAN-FMF
guarantees the enhancement of the obtained OAMmode purities (≥ 99.9%) leading
to intrinsic crosstalk as minimum as �30 dB during propagation. Moreover, the
obtained results in term of chromatic dispersion (max CD = �60 ps/(km.nm)),
differential group delay (max DGD = 55 ps/m), and bending insensitivity, demon-
strate that the HTAN-FMF could be a viable candidate for enhancing the transmis-
sion capacity and the spectral efficiency in next generation OAM mode division
Multiplexing (OAM-MDM) systems [78].

3.3 Photonic crystal fibers

Photonic crystal fibers (PCF) has shown its design flexibility to guide appropri-
ate OAM modes. With adjustable parameters, PCF can offer more flexible design
structures to provide unique fiber properties. Due to that, several kinds of OAM-
PCF with various structures (hexagonal, circular, kagome...) and materials (As2S3,
SiO2, polymer… ), having promising features have been designed and even fabri-
cated. PCF have been proposed and fabricated to ensure good transmission quality
of OAM modes. While a review on this topic exceed the scope of this thesis, we can
nevertheless mention some details and contributions. PCFs supporting one, 2, 10,
12, 14, 26, 34, 42 and 48, first order OAMmodes have been proposed featuring good
transmission properties [79–89].

The race is still ongoing to increase the number of OAM modes in PCF featuring
good transmission proprieties. To the best of our knowledge, the most supporting
OAMmodes number in a circular PCF reaches 110 over C + L communication bands
[90]. The designed fiber featured large effective indices separation (are at the order
of 10�3), low nonlinear coefficient, low confinement loss (under 10�7 dB/m), and
relatively flat chromatic dispersion. Such fiber could find potential application in
high capacity OAM-MDM system. By analysis of these recent mosaic OAM-PCFs
literature, we can come to the general requirements in PCF design that ensure
good transmission quality of OAM modes in the following five points or guidelines
[91–94].

• Fiber index profile that matches the intensity profile of OAM modes (ring
shape).

• The supported modes belonging to the same OAM mode family should possess
a large index separation (≥10�4) to be free from complex and heavy multiple
input multiple output digital signal processing (MIMO DSP) at the receiver
side. This is achievable with high material contrast between the fiber core and
the cladding. Instead of using pure SiO2 as a background material for the PCF-
fiber, other available materials could be used such as Silicon (Si), As2S3, and
Polymer.

• Large core thickness is required targeting to increase the supported OAMmode
number.

• The excited OAM modes should be of the first order. Hence, it is preferable to
avoid exciting the higher radial orders modes because it causes trouble in
multiplexing and demultiplexing operations due to the intensity and phase
variety distribution.

102

Fiber Optics - Technology and Applications



• The guided OAM modes would possess good transmission features such as low
confinement loss, flat dispersion, large effective mode area, and low nonlinear
coefficient over a large wavelength range (at least covering C + L bands
defined by ITU-T).

4. Conclusion

In this chapter, we have attempted to provide recent advances in SDM based
Optical fibers. We showed that SDM is currently the unexhausted technology that
can deal with the capacity need and boost data traffic. Furthermore, an interesting
embodiment of SDM, which is based on carrying data on fiber modes (MDM) has
been presented and discussed. The different mode basis supported in optical fibers
are presented and discussed. Furthermore, we reviewed the research activities that
are based on harnessing OAM modes to encode data channels either in classical
optical fibers (i.e. with classical refractive index profiles) or in special fibers with
appropriate ring profiles. We presented the main research activities and recent
trends in OAM-MDM over the last ten years.
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Chapter 6

Optical Fiber Tweezers for the 
Assembly of Living Photonic 
Probes
Xing Li and Hongbao Xin

Abstract

Optical fiber tweezers, as a versatile tool for optical trapping and manipulation,  
have attracted much attention in cell trapping, manipulation, and detection. 
Particularly, assembly of living cells using optical fiber tweezes has become a sig-
nificant attention. Advanced achievements have been made on the assembly of fully 
biocompatible photonic probes with biological cells, enabling optical detection in 
biological environment in a highly compatible manner. Therefore, in this chapter, we 
discuss the use of optical fiber tweezers for assembly of living photonic probes. Living 
photonic probes can be assembled by the trapping and assembly of multiple cells using 
optical fiber tweezers. These photonic probes exhibit high biocompatibility and show 
great promise for the bio-applications in bio-microenvironments.

Keywords: Optical fiber tweezers, living photonic probes, optical trapping,  
optical manipulation, cell assembly

1. Introduction

The development of optical fiber tweezers (OFTs) makes it a versatile candidate 
for optical trapping and manipulation of targets ranging from different dielectric 
particles to biological cells and biomolecules [1–3]. This is because OFTs possess 
exceptional advantages in manipulation flexibility, due to the simple structure with 
only optical fibers. This simple structure also avoids the use of a high numerical-
aperture objective which is necessary for the light focusing in conventional optical 
tweezers system [4, 5]. It is much easier to handle and manipulate the microscopic 
objects after trapped with OFTs [6, 7]. And it is much more suitable for practical 
use such as in trapping, levitating and rotating of microscopic particles in different 
environments [8–10]. The OFTs tip can be inserted into thick samples and turbid 
media, which greatly increases the sample applicability. In addition, OFTs exhibit a 
low-cost manipulation technique and can also be integrated into small devices, such 
as optofluidic channels [11]. OFTs enable the trapping and manipulation of dif-
ferent single targets. For the further biological detection in bio-environments, it is 
highly desired to form biocompatible photonic probes that can minimize the physi-
cal damage to the biological samples. Unfortunately, most photonic probes are made 
from inorganic and artificial materials, which are incompatible and invasive when 
interfacing with biological systems. It is still a big challenge to find out a biomaterial 
to assemble biophotonic probes that are noninvasive and highly biocompatible to 
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biological systems. Fortunately, it is found that living cells, which are abundant in 
the natural world, show the capability for light manipulation and propagation with 
high biocompatibility, and can thus be used for the assembly of living photonic 
probes. In this chapter, recent advances of OFTs in trapping and manipulating of 
cells, particularly in assembly of living photonic probes based on biological cells, 
were discussed. These formed living photonic probes provide a promising approach 
for bio-detection in biological environments with highly biocompatibility [12, 13].

2. Working principle of OFTs

OFTs, generally based on a tapered fiber probe, can be fabricated by drawing 
a commercial single-mode optical fiber through a flame-heating technique. The 
shape of OFTs tip can be controlled by controlling the heating temperature and 
the drawing speed. The operation principle of typical OFTs has been detailedly 
analyzed and described [14]. As schematically shown in Figure 1a, an OFT is 
immersed in water. DA means the axial distance of a dispersed particle to the 
OFTs tip, while DT means the transverse distance. With a laser beam launched 
into the OFTs, particle will be trapped and manipulated by the generated opti-
cal force. There two components of the optical force, i.e., gradient force (Fg) and 
scattering force (Fs). Fg is directed to the region with stronger light intensity and 

Figure 1. 
Principle of a single optical fiber tweezers for trapping of particles [14]. (a) Schematic of particle 
manipulation by an OFT with light launched. (b) Simulated electric field amplitude (EA) distribution by 
FDTD method. (c) Calculated optical force exerted on particles along the x direction. (d) Calculated optical 
force and trapping potential along the y direction.
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is responsible to trap the particle, while Fs is directed along the light propagation 
and can push particles away from the OFTs tip. When a particle is near the axial 
axis of the OFTs, it will be trapped to the axis by Fg. For particle near the OFTs 
tip, the dominated Fg can trap the particle to the fiber tip. As the distance to the 
tip increases, Fs will become larger than Fg, and the dominated Fs will push the 
particle away from the fiber tip. The electric field amplitude (EA) distribution 
around the OFTs was shown in Figure 1b, with a laser beam at a wavelength of 
980 nm launched into the fiber probe. It can be seen that the light outputted from 
the OFTs is firstly focused at the tip and subsequently diverged out in water with 
a divergence angle of 32°. Figure 1c shows the calculated optical force exerted on 
a 3-μm silica particle along the x direction. It can be seen that, near the fiber tip, 
the force is negative, indicating a trapping force for particles. Therefore, particles 
near the fiber tip can be trapped by the OFTs. As the distance increases, the force is 
positive, indicating a driving force for particles. Therefore, particles can be pushed 
away by the OFTs. Figure 1d shows the calculated force and trapping potential in 
the y direction. It can be seen that the trapping potential on the axis is the smallest, 
and therefore particles beside the axis can be trapped at the axis. These optical 
forces enable the trapping capability of OFTs. By simply moving the fiber probe, 
the trapped particles can be manipulated in a highly flexible manner.

3. Manipulation of single cell and multiple cells by OFTs

OFTs can serve as a powerful tool for the trapping and manipulation of cells. 
Using Escherichia coli as an example, both single and multiple motile bacteria have 
been trapped and manipulated in a non-contact manner [15]. Figure 2a shows the 
experimental schematic for non-contact trapping of E. coli using OFTs. In this sce-
nario, a laser beam at a wavelength of 980 nm was launched into the OFTs. A E. coli 
bacterium that was randomly swimming in the suspension was then trapped by 
the OFTs. The trapping was a non-contact trapping, and the bacterium was in the 
trapping position with several microns to the tip of the OFTs. During the trapping, 
the highly active bacterium was struggling around the trapping region. Figure 2b–d 
shows the detailed process for the trapping and struggling dynamics. The bacterium 
was trapped by the OFTs in a non-contact manner. However, due to the motility, the 
trapped bacterium was struggling after trapping. This phenomenon provides a new 
method for the studying of bacteria dynamics using OFTs.

In addition to the trapping and manipulation of single cells, OFTs can also be 
used for the trapping and assembly of multiple cells. For example, Figure 3a shows 
a schematic for the trapping and assembly of multiple E. coli cells in a microfluidic 
channel using OFTs [16]. Light output from the OFTs can trap the E. coli bacteria 
delivered by microfluidics. After a single bacterium was trapped, light can fur-
ther propagate along the cell, and can be used for the trapping of other bacteria. 
Therefore, multiple bacteria can be trapped and assembled into cell chains with 
different lengths. To show the multiple trapping capability, Figure 3b shows the 
simulated light propagation along multiple cells. It can be seen that, light can 
propagate along the trapped cells, and the exerted optical force can be used for fur-
ther trapping of other bacteria (Figure 3c). To experimentally demonstrate stable 
trapping and connecting of multiple E. coli cells with highly organized orientation, 
i.e., realization and retaining of E. coli cell–cell contact, the 980-nm wavelength 
laser with an optical power was launched into the fiber probe. Figure 3d shows the 
trapped multiple cells and formed cell chains with different numbers of cells at 
different input optical powers. By moving the fiber probe, the assembled cell chains 
can further be flexibly manipulated.
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Figure 3. 
Optical trapping of multiple cells using OFTs [16]. (a) Schematic of multiple E. coli trapping using OFTs. A laser 
at 980 nm wavelength was launched into the fiber probe which was placed in a microfluidic channel with a flowing 
suspension of E. coli cells. Multiple E. coli cells were trapped and connected orderly at the tip of the fiber probe. 
(b) Simulated light propagation along multiple bacteria. (c) Simulated light distribution along the assembled cell 
chains. (d) Calculated optical trapping force exerted on the last cell of each cell chain and the trapping potential.

Figure 2. 
Optical trapping of a single bacterium using OFTs [15]. (a) Schematic illustration of the non-contact optical 
trapping of a single bacterium and the struggling dynamics. (b) Optical microscope images of the trapping and 
struggling process of a single bacterium.
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4. Assembly of cell-based biophotonic waveguides by OFTs

Based on the multiple cell trapping capability of OFTs, direct formation of bio-
photonic waveguides with E. coli were reported [17]. By launching a laser of 980 nm 
wavelength into the OFTs, multiple E. coli were trapped and connected together with 
highly ordered organizations, forming biophotonic waveguides with different lengths 
(Figure 4a). By coupling a visible laser beam into the formed biophotonic waveguides, 
light propagation along these biophotonic waveguides can be directed observed as 
indicated by the red-light spots at the end of the waveguides (Figure 4b). The light 
propagation loss along the formed waveguides can be measured using an optical power 
meter by coupling another tapered optical fiber at the end of the formed biophotonic 
waveguide. As shown in Figure 4c and d, the measured propagation loss was mea-
sured to be 0.23 dB/μm.

In addition to the linear biophotonic waveguides, using OFTs, branched pho-
tonic probes can also been assembled. For example, Figure 5 shows the assem-
bled branched photonic probes with E. coli bacteria [18]. By designing a specially 
segmented tapered optical fiber, light output from the fiber can be divided into 
three individual beams, and E. coli bacteria can be trapped by the individual 
beams, further forming into branched biophotonic probes with different lengths 
(Figure 5). These branched photonic probes show strong stability, and can be 
used for further applications. By moving the OFTs, the formed biophotonic 
probes can be flexibly manipulated to different designated positions for further 
applications. These results show that the OFTs offer a seamless interface between 
optical and biological worlds for biophotonic probes formation with natural 

Figure 4. 
Biophotonic waveguides formation [17]. (a) Optical microscope images of formed bio-waveguides  
(bio-WGs) with different lengths. (b) Light propagation observation along the formed biophotonic waveguides. 
(c) Normalized optical power measured at the end of each waveguides. (d) Measured optical loss of the 
waveguides.
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materials, and provides a new opportunity for direct sensing and detection of 
biological signal and information in biocompatible microenvironments.

5. Assembly of cell-based periodical structures by OFTs

In addition to the assembly of biophotonic waveguides with one type of cells, 
assembly of periodical structures of different types of cells was also demonstrated 
using OFTs [19]. Using E. coli cells and Chlorella cells as examples, different cells are 
flexibly patterned into one-dimensional (1D) periodic cell structures with control-
lable configurations and lengths (Figure 6), by periodically connecting one type of 
cells with another by optical force. Further demonstration shows that the structures 
show good performance for light propagation and can be moved flexibly. Real-time 
light signals can be detected from these photonic structures. These features make 
these photonic structures excellent candidates for the detection of signals transduc-
ing among different patterned cells. This assembly and patterning technique can 
also be applicable for other cells, such as mammalian cells and human cells.

Figure 5. 
Optical assembly of branched biophotonic structures [18]. (a, b) Assembly of two-branch structures. 
(c) Assembly of three-branch structures.

Figure 6. 
Experimental schemes for cell assembly into periodical structures [19]. (a) an OTF is placed in cell suspensions. 
(b) Laser launched, multiple E. coli cells trapped. (c) a Chlorella cell is trapped and connected to the former 
trapped E. coli cells. (d) a periodical structure is formed, and light propagates along the periodical structure. 
(e) Schematic shows the assembled periodical biophotonic structures.
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6. Assembly of cell-based structures in vivo by OFTs

The assembly capability can also be used for in vivo applications. For example, a 
non-contact intracellular binding and controllable manipulation of chloroplasts in 
vivo was demonstrated using OFTs [12]. By launching a laser beam at 980 nm wave-
length into the tapered fiber, which was placed above the surface of a living plant 
(Hydrilla verticillata) leaf with a gap of about 3 μm to the leaf surface, chloroplasts 
with different numbers were stably bound and arranged into one-dimensional 
chains and two-dimensional arrays inside the leaf by optical force without damage 
to the chloroplasts, by the cooperation of scattering force Fs and gradient force Fg 
(Figure 7). The formed chloroplast chains were controllably transported inside 
the living cells. This non-invasive and non-contact method of organelle binding 
and manipulation could provide a way for biological and biochemical research 
in vivo, especially for investigating signal transduction and communication between 
intracellular organelles via organized organelle-organelle contact.

7.  Assembly of living photonic probe by OFTs for bio-probing and 
detection

Recently, using OFTs, a fully biocompatible living photonic probe for subwave-
length probing of localized fluorescence from leukemia single-cells in human blood 
has been created [13]. The high-aspect-ratio living photonic probe based on a yeast 
cell (1.4 μm in radius) and Lactobacillus acidophilus (L. acidophilus) cells (2 μm 
in length and 200 nm in radius) is formed at the tip of a tapered optical fiber by 
optical trapping (Figure 8a). In the assembly, the authors have precisely moved 
the fiber to approach a yeast cell. Benefited from the spherical shape of the yeast, 

Figure 7. 
Assembly of biophotonic probes in vivo [12]. (a) Schematic illustration of biophotonic probe assembly inside 
a leaf using OFTs. (b) Schematic illustration of biophotonic probe assembly based on a chain of chloroplasts. 
The chloroplasts inside a leaf are trapped and assembled by the cooperation of Fg and Fs. (c) Schematics and 
microscope images of the manipulation and assembly of organelle-based biophotonic probes in vivo.
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the trapping laser beam was focused into a tiny region and exerted a strong optical 
force on a L. acidophilus cell that traps it behind the yeast. With this alignment, the 
trapping laser beam propagates through the L. acidophilus cell and exert an optical 
force on other L. acidophilus cells, which were orderly bound together by optical 
binding effect and finally formed the living photonic probe. Figure 8b shows a 
formed probe assembled with a yeast and five L. acidophilus cells. To view the light 
propagation, after assembly of the probe, the trapping laser remained on, and a vis-
ible illumination light was launched into the probe. Figure 8c–e show the illumina-
tion light propagating along the tapered fiber. At the output port of the probe, a tiny 
light spot was observed with full width at half maximum (FWHM) of 345, 282, and 
248 nm for the illumination wavelengths of 644, 532, and 473 nm, respectively.

As a benefit of the highly focused effect of the living cells, the living photonic 
probe can also deliver subwavelength excitation light to biological samples, and 
detect optical signals with a subwavelength spatial resolution. Moreover, within 
human blood, selective probing of the localized fluorescent signals on single leuke-
mia cell surface can be realized via the precise manipulation of the living photonic 
probe. Due to the high biocompatibility and resolution, these photonic probes hold 
great promises for biosensing and imaging in bio-microenvironment. Furthermore, 
the living photonic probe can be integrated in the available near-field scanning 
optical microscopy, functioning as a biocompatible and non-invasive scanning probe 
for near-field imaging of living cells. Figure 9, as an example, shows the use of the 
living photonic probe in probing localized fluorescence of leukemia cells in human 
blood [13]. Figure 9a–d shows the spot excitation capability by manipulating the  
living photonic probe to approach the cell membrane. As shown in Figure 9a, 

Figure 8. 
Assembly of living biophonic probes for bio-probing [13]. (a) Schematic illustration for assembly of 
living photonic probe by OFTs. (b) Image of a formed living photonic probe. (c)-(e) images showing 
light propagation along the formed living photonic probes. Light spots can be observed at the end of each 
photonic probes.
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there was no fluorescent signals when the distance between the living photonic 
probe and the surface of a leukemia cell was 3 μm. But the fluorescent signal was 
detected with a distinct fluorescent spot observed at the cell membrane when the 
probe was in contact with the cell (Figure 9b). The fluorescent signals at other 
locations were also detected by scanning the cell surface via precisely moving 
the probe (Figure 9c and d). Flexibility and deformability of the living photonic 
probe have also been demonstrated by interacting with biospecimens. As shown in 
Figure 9e and f, the living photonic probe was forced against a leukemia cell, then 
the living photonic probe was bent to an angle θ of 15° without puncture to the cell 
membrane. A certain degree of the deformability of the probe has no obvious influ-
ence on the scanning capabilities. For comparison, the authors pushed a fiber probe 
with a sub-micrometer tip, which is commonly used in scanning probe microscopes, 
against the leukemia cell (Figure 9g). As a result of the relatively large dimension 
and rigid structure, the fiber probe could easily insert into the cell (Figure 9h), and 
rupture the cell membrane (Figure 9i).

8. Conclusions

In this chapter, we reviewed the trapping and assembly of biological cells using 
OFTs, and finally extended the trapping capability for the assembly of living 
photonic probes such as cell-based biophotonic waveguides, cell-based periodical 
structures, cell-based structures in vivo, and living photonic probe for bio-probing 
and detection. These living photonic probes exhibit extremely high biocompat-
ibility for further biological applications in bio-environment. As a benefit of the 

Figure 9. 
Living photonic probe for single-cell probing and detection [13]. (a-d) Excitation and detection of local 
fluorescence from a leukemia cell in human blood by manipulating the living photonic probe to scan a cell. 
(e,f) Flexibility testing of the probe by pushing the probe against the leukemia cell membrane. (g-i) Touching 
and punching of the cell directly using a tapered optical fiber tip, to compare the flexibility of the living 
photonic probe.
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light focusing ability of the cells, the biocompatible living photonic probes allow the 
trapping, manipulation, sensing, and diagnostics in vivo. Furthermore, the living 
photonic probes assembled using OFTs offer an biophotonic bridge between optical 
and biological worlds with natural materials. With the advantages of its biocompat-
ibility, the living photonic probes are envisioned to provides a new opportunity for 
direct sensing and detection of biological signal and information in biocompatible 
microenvironments.
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Abstract

The unique properties of optical fibers such as small size, immunity to
electromagnetic radiation, high sensitivity with simpler sensing systems have found
their applications from structural monitoring to biomedical sensing. The inclusion
of optical transducers, integrated electronics and new immobilization methods, the
optical fibers have been used in industrial process, environmental monitoring, food
processing and clinical applications. Further, the optical fiber sensing research has
also been extended to the area of detection of micro-organisms such as bacteria,
viruses, fungi and protozoa. The validation of optical fibers in bio-sensing
applications can be observed from the growing number of publications. This chap-
ter provides a brief picture of optical fiber biosensors, their geometries including
the necessary procedure for their development. This chapter could be a milestone
for the young researchers to establish their laboratory.

Keywords: optical fiber, biosensors, biomedical sensing, environmental
monitoring, micro-organisms detection

1. Introduction

The inclusion of optical fibers in bio-sensing applications was started by two
different, but interrelated discoveries, such as the laser light and optical fibers. The
theoretical work of C. H. Townes and A. L. Schawlow was used by T. H. Maiman to
develop the first laser. A optical signal obtained through laser is highly collimated,
inherently coherent, and quasi monochromatic with the data transfer capability.
The optical signal propagates in optical fiber by obeying the principle of total
internal reflection (TIR) with very low losses and the first working model of optical
fiber was proposed in 1965 [1]. The working model of optical fiber was put
forwarded 100 years after the demonstration of concept of light. Since, then the
main focus was to improve the transmission of optical signal through fibers.
Nowadays, the key focus is on long distance high speed communication with low
transmission losses such as 2 dB/km [2]. The unique properties of optical fibers such
as immunity to electromagnetic (EM) interference and miniature footprints, the
optical fiber has found niche application in sensing [3].

A schematic of conventional single mode fiber (SMF) used in the field of tele-
communication is shown in Figure 1, consisting of three layers such as a silica core
having diameter of in order of several microns (� 2–9 μm) and doped with germa-
nium to boost up its refractive index (RI), a silica cladding of diameter of 125 μm
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and a coating of plastic jacket. Although, the plastic coating does not play any role in
light propagation but provides the mechanical strength to the fiber. The optical
fibers can be fabricated by using some other materials such as chalcogenide [4],
plastic [5], and composites, with different composite materials in core and cladding.
Based on the core size, operating wavelength, and RI difference of core and clad-
ding, an optical fiber can work in the regime of single or multimode. In single mode
fibers, the distribution of optical signal profile in core is Gaussian, while in
multimode signal profile is more complex [2].

The optical sensors detect the variation in optical properties of propagating
signal, that occurs due to the physiochemical change in targeted environment.
The optical fiber based sensors classified into two categories on the basis of sensing
region such as extrinsic or intrinsic sensors. The sensors directing or collecting
optical signal to and from external environment are termed as extrinsic sensors [6].
The sensors in which the properties of optical signal vary within the fiber are known
as intrinsic sensors [7]. In general, extrinsic sensors being used for the detection of
external stimuli such as physical or biochemical parameters. The optical fiber based
measurement techniques have received a great attention especially in the field of
structural monitoring, railway and aerospace, chemical and biological sensing,
medical diagnosis and environmental monitoring.

Since, the key application of SMF were in the field of telecommunication, and
hence, fabricated in such a way that the influence of external field can be minimized
on propagating signal. However, for the efficient operation of optical fiber sensors,
the interaction of optical signal with external environment should need to be max-
imized. This can be attained by adopting different optical fiber processing schemes
which frequently utilizes the interaction of leaking fields with external environ-
ment. The commonly used geometry of optical fiber in sensing applications are
discussed in following subsections.

1.1 Cladding less evanescent based optical fiber sensors

The easiest way to increase the interaction of evanescent waves (EW) with
external medium is removal of cladding, and a schematic of cladding less optical
fiber sensor is illustrated in Figure 2. The changes in propagation of optical
signals due to variation in external environment facilitates the EW spectroscopy
[8]. The facilitation of EW spectroscopy is highly sensitive and powerful technique
to quantitatively and qualitatively investigate the environment present in the vicin-
ity of sensing region of sensor. The EW leaks from core to cladding and the distance

Figure 1.
Schematic of single mode optical fiber [1].
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is termed as penetration depth. The penetration depth of EW can be evaluated
as [9]:

dp ¼ λ

2π n2eff � n2s
� �1=2 (1)

where, λ is the propagating wavelength, ns is the RI of surrounding environment
and neff is the RI of guided mode propagating in the core.

The absorption spectrum of surrounding medium attenuates the EW which
hindered the propagating mode. This can be understood from Lambert–Beer Law
which is given as:

I
I0

¼ c ∗ α ∗L (2)

where, c is the concentration of absorption substance, α is the attenuation
constant of EW, and L is the path length in which optical signal interacts with the
surrounding medium. I0 and I are the intensities of the optical signal before or after
the interaction to the external environment, respectively. The optical fiber sensor
structure presented in Figure 2 can be attained by removing the cladding part by
using conventional approach such as treating the fiber with hydrofluoric (HF) acid
[10]. To remove the cladding, fiber structure should need to be immersed in HF
acid at constant stirring at 50 rpm. In cladding less optical fiber sensors the interac-
tion of optical signal with surrounding can be enhanced by bending it in U-shape
[11]. The U-shape bend is also useful for monitoring because source and detector
will be on same side. Although, the cladding less fiber can also be attained by using
other techniques such as plasma etching, but it will turn into expensive systems.

1.2 Tapered optical fiber sensor

An access to EW can also be obtained by tapering the optical fiber structure. The
tapering of optical fiber usually done within the dimensions varying from

Figure 2.
Schematic of cladding less optical fiber sensor structure [3].

Figure 3.
Schematic of tapered optical fiber structure [12].
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submillimeter to several millimeters. The tapered region of the optical fiber main-
tains the uniform diameter with conical ends to merge it with unaltered part of
optical fiber as illustrated in Figure 3. The tapering of fiber is done by heating the
fiber structure by using flame or CO2 laser beam. The properties of tapered optical
fiber sensor is based on the diameter of conical ends, diameter of tapered region,
and RI of surroundings. The proportion of EW power in tapered fiber structure,
increases with decrease in diameter of tapered region and with decreasing RI dif-
ference of external environment and of fiber [13]. The tapered optical fiber pro-
vides numerous advantages to the sensors such as compactness, higher sensitivity
and flexibility. The tapered optical fiber classified into categories such as adiabatic
and non-adiabatic. When the tapered transition region is small in such a way that
maximum optical power confines within the core, then such structure are termed as
adiabatic tapered fibers [13]. However, in non-adiabatic one the diameter of
tapered region is less than 10 μm and the propagating modes couples into higher
order modes [14]. The tapered optical fibers have been utilized in various sensing
applications [15–17]. In case of tapered fiber structures, the interaction of EW with
surrounding medium can be analyzed by two different.

approaches. In first approach, the attenuation of signal is to be measured which
is propagating through tapered region and depends on the RI of surrounding
medium [18]. In second one, the variation in surrounding medium affects the RI of
modes propagating in the tapered section of fiber and works interferometrically, by
using mode theory [19].

1.3 Interferometers

The optical fiber interferometers provide very high sensitivity because of their
unique operational mechanism and usually known as modal interferometers (MI).
In MI basically, the propagating modes splits into two modes at sensing region
which are traveled in different RI regime that causes a difference in their phase and
wavelength. The different properties of propagating modes lead to the interference
in fundamental and higher order modes and results into a transmission spectrum
with fringes. The phase of the fringes ca be given as:

φ ¼ 2π
λ

δneffð ÞL (3)

where, L is the center to center distance between twomodes and λ is the operating
wavelength [20]. A SMF and thin core fiber (TCF) based Mach-Zehnder interferom-
eter (MZI) is presented in Figure 4. The first strand of SMF carries a single mode
which splits into two parts at TCF due to variation in core diameter. In second strand
of SMF the modes from TCF gets recombined at SMF. The difference in phase of
recombinedmodes leads to the addition or cancelation of phase at output of MZI [20].

The optical fiber based Michelson interferometers were also proposed and a
schematic is illustrated in Figure 5. In Michelson interferometer, the core modes

Figure 4.
Schematic of SMF and TCF fiber based Mach-Zehnder interferometer [21].
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distributed into higher order modes at tapered section and after striking to gold film
reflects back and recombined at the tapered section. Therefore, an interference
between the modes occurs at the tapered region that causes the generation of
fringes. The presence of external medium in the region separating the taper and
gold films introduces the interfering features in the received signal. In similar
physical length, Michelson interferometer provides higher sensitivity because the
twice interaction of optical signal with sensing region. These interferometers works
on the basis of measurement of wavelength or amplitude of the spectrum.

received at the output. An another type of optical fiber based interferometer is
Fabry-Perot interferometer (FPI). The FPI is consisting of a cavity between two
reflectors and illustrated in Figure 6. Alternatively, a FPI can be developed by coating
a thin metallic layer at the tip of the fiber which acts as a mirror and the distance
between metallic layer and surrounding medium as an another mirror. A change in
the RI of cavity or its length can modulate the signal. The modulated signal will be
further used to measure the targeted measurand that modulates the signal.

1.4 Grating based optical fiber sensor

An optical fiber grating is consisting of slots placed periodically with an equal
proportion. The slots in optical fiber structure leads to the modulation of the propa-
gating optical signal. The grating can be incorporated by exposing the fiber structure
to the ultra-violent or femtosecond laser with desired geometry [23]. The optical fiber
based grating structure were also found to be a good candidate for the sensing
applications [23]. A schematic of FBG sensor with its measurement setup is illustrated
in Figure 7. The grating structure couples the forward and backward propagating
modes of the core at the particular wavelength that satisfies the Bragg condition. A
Bragg grating is considered as reflector which reflects a specific wavelength band

Figure 5.
Schematic of optical fiber based Michelson interferometer [3].

Figure 6.
Schematic of optical fiber based FPI sensor [22].
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along the optical fiber and transmitted all others. The reflected Bragg wavelength is
governed by a mathematical expression which can be given as [23]:

λBragg ¼ 2ηeff (4)

In Bragg grating based sensors, the interaction of EW with surroundings can be
maintained or enhanced by modifying the fiber geometry such as tapering, etching of
cladding of sensing region. Therefore, to overcome this limitation, tilted Bragg grat-
ing can be utilized in which the gratings are designed at a specific angle with respect
to the axis of the core. The interaction of cladding modes with EW changes the
wavelength of propagating cladding modes [25]. The interaction of EW with sur-
rounding medium leads to the induction of inherent sensitivity to the external RI and
to the nano-coatings placed over the cladding layers. While considering the fact long
periodic (LPG) grating structures were come into origin. The LPG are generally
created with in the length of 100 microns to 1 mm as illustrated in Figure 8. LPG
usually couples the light form the core modes to the co-propagating modes of the
structure [27]. The cladding mode suffers higher attenuation, therefore, the trans-
mission spectrum of LPG can be analyzed by using the series of resonance bands.

From the above discussion, it can be concluded that optical fiber based sensors
have wide applications in bio-sensing applications. A short summary of above
discussed different geometries of optical fiber sensor structures is tabulated in
Table 1. The tabulated form is easy enough to get a brief introduction to the
required geometry of sensor.

Figure 7.
Schematic of measurement setup of FBG sensor [24].

Figure 8.
Schematic of NP coated LPG sensor structure [26].
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2. Biochemical measurands in healthcare

The optimum properties of optical fibers such as higher sensitivity and low limit
of detection are the crucial parameters, but in addition, the selectivity is also an
important concept in biochemical measurement. The selectivity or specificity is
important to avoid the interference of other biomolecules or biomarkers presented in
targeted analytes. There are two approaches based on which the selectivity of bio-
sensor can be attained. The first approach is to use special material fibers such as
chalcogenide glasses, fluoride or silver halide glasses [28]. These fibers are transpar-
ent to IR wavelength, and on the contrary, biomolecules pursue the highly absorption
features [29, 30]. However, the use of chalcogenide fibers is not useful because of
their potential toxicity and still an effort is required to improve their responses
towards biomolecules [28]. In second approach, there is indirect sensing of analytes
by placing a biochemical layer over the sensing region. The biochemical layer changes
the optical properties on the basis of surrounding RI. Such biosensors provide the
quantitative and qualitative information of the chemical reagent under examinations.
The chemical layer over the sensing region means the wavelength of output optical
signal is managed by the properties of biochemical layer instead of absorption spec-
tra. The sensitivity of such biosensors is depends on the length of sensing area,
amount of EW and optical properties of the coated biochemical layer [31].

2.1 Chemical optical Fiber sensors

The diagnosis of biomolecules present in human bodies can be detected in two
phase such as in gases or in liquid. In gas phase, the analysis can be done by analyzing
the gases exhaled from skin or breath. In liquid phase, the analysis of biomolecules
can be done by testing the samples such as urine, saliva, blood, sweat and tears.

2.1.1 Diagnosis in gas phase

The biomarkers released from human bodies are useful to develop the non-
invasive techniques. The diagnosis of these biomarkers is important to find the
presence of disease [32, 33]. The breath sniffing method is useful to analyze the
patient suffering from renal failure in rats [34] and lung cancer detection [35].
Oxygen and carbon dioxide are the two gases that are routinely checked in clinical
applications. The detection of these two gases was also performed by using optical
fiber sensor by using pH indicator separated with well separated with emission
bands [36]. Ammonia is one of the major component that affects the body

Sensor type Measurand Light parameters Units

Cladding less Absorption, concentration Intensity dB, %

Tapered RI, absorption, concentration,
pressure, temperature, strain

Wavelength shift, intensity dB, %, nm

Interferometers RI, absorption, concentration,
pressure, temperature, strain

Intensity, wavelength shift,
phase

dB, %, nm,
degrees

FBG pressure, temperature, strain Intensity, wavelength shift dB, %, pm

LPG RI, absorption, concentration,
pressure, temperature, strain

Intensity, wavelength shift dB, %, nm

Table 1.
Summary of measurand and light parameters of different sensor structures.
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metabolism and can disturb the functioning of kidney and liver [37, 38]. In normal
conditions, the ammonia releases from body skin from slight alkaline blood and its
detection is used to diagnose the disease related to kidney and liver [39]. The
ammonia diagnosis was carried out by using optical fiber sensors. Initially, the
detection was done by employing pH detector based on indications [40]. Since
then, reflector sensor tips [41], EW based fiber grating [42], and lossy mode
resonance (LMR) [43] were reported. The sensitivity and limit of detection of such
optical fiber sensor was extremely good in comparison of existing works.

The diagnosis of various organic compound is hardly done at clinical level, but
number of studies were reported. Although, the optical fiber sensors for the detec-
tion of organic compounds are not very sensitive [44]. An EW based optical fiber
sensor was put forwarded for the detection of gas exhaled from human skin [45].
The proposed sensor is also capable of analyzing the physiological changes by
applying a pattern recognition technique. The optical fiber sensors have also been
utilized for the diagnosis of humidity, which is one of the important factor in case of
critical conditions [46]. The increase in humidity in human bodies leads to the
dryness in mucosa and cause difficulties in breathing. However, instead of such
critical need, the optical fiber based humidity sensors cannot be used in medical
applications because of slow response and recovery time.

2.1.2 Diagnosis in liquid phase

The diagnosis of biomarkers present in human bodies can be done by measuring
the pH of liquid. The pH of liquid present in stomach is varies from 1.3 to 3.5, and of
urine and pancreas is from 8.0 to 8.8 [47]. A tilted FBG based sensor structure was
reported to detect the pH of human body fluids [48]. The sensor is working on the
basis of coated polymer films whose thickness varies according to the variation of
body fluid concentration and leads to the change in optical properties of the signal.
Despite of reported articles, the pH sensors have been utilized in vivo applications
and are commercially provided by the Ocean Optics [49] and PreSens [50] with
enough capabilities to be utilized in medical applications.

The pH detection in bio-fluids is also useful to detect the presence of drugs
which will be helpful for pharmaceuticals and could be a milestone to develop
therapeutic aids for human and animals [51]. The detection of antibiotics in human
blood stream can be a useful step to prevent the overdose or to provide the effective
dose for specific disorder. A LPG based vancomycin sensor was reported which can
be used to treat some severe gram-positive infections [52]. The sensor is capable of
detecting the very low concentration of antibiotics present in blood stream which
were at the concentration of 10 nM with high specificity towards other biomole-
cules. Similarly, propofol is an anesthetic usually used in surgery and in regular use
in intensive care units. Therefore, the detection of presence of propofol in human
body is also an important factor, and a work was put forwarded for its detection
while employing the optical fibers [53]. The reported work demonstrated a strong
linearity with whole blood samples of human bodies.

3. Characterization and analysis process of optical fiber biosensors

The different geometries of optical fiber sensors should need to be characterized
before involving them in sensing of biomolecules. The development of optical fiber
biosensors involves four different process such as fiber geometries, used
nanoparticles, detection of biomolecules and sensing analysis of developed sensor
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probes. Therefore, this section presents a brief discussion of about the necessary
characterization of optical fiber sensors at all the steps.

3.1 Optical fiber sensor geometry

The validation of drawn fiber sensor geometry such as tapered fiber, MZI etc.
can be done by using scanning electron microscopy (SEM). SEM is a kind of
electron microscopy which employs a focused beam of the electron to analyze the
surface of optical fibers. The SEM image of a tapered optical fiber probe is illus-
trated in Figure 9. In Figure 9, there are two SEM images where the first one is
representing an image of tapered optical fiber sensor and another image such as
Figure 9(b) is representing the distribution of nanoparticles coated over the sens-
ing region of fiber structure. In some other cases, the diameter analysis of tapered
optical fiber sensor structure was measured directly by using the fabricating
machine, but the accuracy of the measured diameter was not up to the mark, and
illustrated in Figure 10 [55].

3.2 Nanoparticles

The optical fiber sensor structures also utilize the immobilization of
nanoparticles over the sensing region to enhance the sensitivity by means of intro-
ducing the concept of localized surface plasmon resonance (LSPR) phenomenon.

Figure 9.
SEM image of SERS probe of a tapered optical fiber sensor structure: (A) tapered optical fiber, and (B)
distribution of nanoparticles over the fiber [54].

Figure 10.
Analysis of tapered optical fiber sensor structure: (a) diameter analysis, and (b) transmitted spectra [55].
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The characterization of nanoparticles can be done by using UV-spectrophotometer
and by observing their distribution through transmission electron microscopy
(TEM) images. TEM is also a technique that employs a focused beam of electrons to
visualize the distribution of particles in nanometer dimensions. The UV-
spectrophotometer provides the resonance peak of the nanoparticles through the
absorbance spectrum and is useful to confirm their initial synthesis. The resonance
peak of all the nanoparticle is different and usually falls in the visible spectrum of
white light. The peak resonance wavelength in absorbance spectrum of gold and
zinc oxide nanoparticles appears at 519 nm and 370 nm for the particles size of less
than 15 nm and 50 nm, respectively, and illustrated in Figure 11. The initial confir-
mation of nanoparticles can be carried forward to analyze their distribution which
usually done by using capturing the microscopic image by using TEM. The TEM
images of gold and zinc nanoparticles are illustrated in Figure 12. From the TEM
images it can be concluded that the distribution of nanoparticles is uniform and
easily visible. Further, the morphology of the nanoparticles or layered
nanomaterials is also an important factor to assure the synthesis of nanoparticles,

Figure 11.
Absorbance spectrum of nanoparticles: (a) gold, and (b) zinc oxide [55].

Figure 12.
TEM images of nanoparticles: (a) gold, and (b) zinc oxide [55].
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and can be done by taking the images by using atomic force microscopy (AFM). An
AFM image of zinc oxide nanoparticles is illustrated in Figure 13.

3.3 Biomolecules

The preparation of samples of targeted biomolecules is also an important factor
which helps in increase the performance of sensor probe. The analysis of samples of
the targeted biomolecules can be done by preparing them in different pH base
solutions. The similar kind of approach has been used to analyze the validity of
ascorbic acid (AA) samples and illustrated in Figure 14. The performed test was
basically done to check the solubility of artificial samples of AA [55]. The analysis
was done by dissolving the artificial sample of AA in different pH solutions and the
samples of lowest and highest concentration were prepared. Then, the peak reso-
nance wavelength was measured for the highest and lowest sample concentration
and their difference is plotted with respect to each pH solution. For the reported
work, it was concluded that the AA samples are highly soluble in phosphate buffer
solution (PBS) whose pH is about 7.4.

3.4 Sensing analysis

The sensing analysis of the sensor probe can be done in several steps. The first
step is to sense all the samples through the sensor probe. For each measurement

Figure 13.
AFM image of zinc oxide nanoparticles [55].

Figure 14.
Solubility test of ascorbic acid samples in different pH solutions [55].
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respective peak resonance wavelength can be recorded which is useful to plot the
autocorrelation coefficient of the sensor probe. The autocorrelation curve is used to
evaluate the linearity, regression coefficient, sensitivity and resolution of the sensor.
Then, the analysis of sensor can be done in terms of stability, reusability, reproduc-
ibility and selectivity.

The stability of any optical fiber biosensor can be evaluated by measuring the
base solution through a sensor probe more than 10 times. The results can be plotted
in terms of number of measurements and peak resonance wavelength. Then, the
standard deviation (SD) can be evaluated to observe the stability and for a good
sensor SD is usually less than 0.1.

The reusability is an another important parameter to analyze the performance
of optical fiber sensor. Reusability can be evaluated by measuring two different
concentration of bio-molecules through the same sensor probe. The measurement
of any concentration should need to be performed three times to attain higher
accuracy. The sensor head must need to be rinsed properly after all the measure-
ments by using base solution. Then, the results can be plotted in terms of recorded
spectra or in terms of peak absorbance wavelength. The resonance wavelength for
similar concentration should be same for each measurement to attain the higher
reusability.

The reproducibility is also an another important factor to analyze the
performance of any optical fiber sensor. The reproducibility test can be done
by measuring the similar concentration of bio-samples through one sensor probe.
The measurement must need to be done at least 5 times to attain the higher
accuracy. The outcome of the measurements can be plotted in terms of recorded
spectra and in terms of peak resonance wavelengths. The higher reproducibility of
the probe can be claimed if the peak resonance wavelength for all the measurements
is similar.

The selectivity or specificity of the optical fiber sensor is a crucial factor of
an optical fiber biosensor which helps in to remove the interference of other
biomolecules present in real liquid samples of human bodies. The higher
specificity of any optical fiber sensor can be attained by functionalizing the
sensor head with appropriate enzyme which oxidize only in the presence of
targeted bio-samples. For instance, the AA oxidized only in the presence of
ascorbate oxidase.

4. Conclusions

This book chapter presents a brief discussion about the different optical fiber
geometries which have been utilized for the development of different optical fiber
sensors and biosensors. The mostly common used geometry of optical fibers is
cladding less, tapered, interferometers, and gratings. The second section of the
chapter presents the brief discussion about the presence of biochemical markers
usually used in bio-sensing applications. The detection of biochemical markers is
generally done in two phases such as in gas phase and in liquid phase. The third
section of the chapter presents a brief discussion of the characterization and sensing
process of the optical fiber based biosensors. The characterization of optical fiber
sensor is done by capturing the images through TEM, SEM and AFM. The analysis
of nanoparticles can be done by recording the absorbance spectrum by using UV-
spectrophotometer. The sensing analysis of the optical fiber sensor can be done by
performing the stability, reusability, reproducibility and selectivity test of the sen-
sor probe. The optical fiber based biosensors are emerging in current era and can be
employed in various health care applications.
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Chapter 8

Photonics for AI and AI for
Photonics: Material and
Characteristics Integration
Sunil Sharma and Lokesh Tharani

Abstract

We are living in the technological era, where everything is integrated with each
other. If we are discussing regarding communication, it is integrated with one or
two technologies. If we are discussing regarding automation, discussing regarding
Image processing, discussing regarding embedded system, they all are integrated
with a combination of technologies. Correspondingly Artificial Intelligence (AI)
and Photonics are also integrated with each other. Now a day as AI is utilizing with
photonics in abundant fields as well photonics is also serving AI to facilitate
ultrafast AI networks to offer a novel class of Information Processing Machines
(IPM). This chapter is based on identification and implementation of photonics for
AI utility and AI for photonics. In this category a Dual core Photonics crystal fiber
(PCF) is proposed which serve to identify infected cells of human being along with
the integration of AI. This proposed design of PCF is providing relative sensitivity
and confinement loss in an optimized manner with the impact of AI. Here potency
of AI as well as of Photonics is explained to serve their applications related to each
other.

Keywords: Artificial Intelligence, Fiber Optics and Photonics, Optical Networks,
Photonic Crystal Fiber, Integration

1. Introduction

Latest technological development in photonics has multiplied only due to
integration of photonic platform with conception of Opto-electronic elements [1].
The Photonic Integrated Circuits (PICs) [2] have facilitated the ultrafast Artificial
Neural Networks (ANN) [3], to propose a novel class of Information Processing
Machines (IPM) [4]. There are number of reasons available which reveals that
photonics is somewhere associated with AI. In this direction the latest example can
be considered as development of Neuro-morphic [5] electronics, which shows that
high processor delay can be eliminated by offering a consequent technology to extend
the vicinity of AI. It offer sub-nanosecond [5] delay and consequently conquers
challenges in terms of present and future aspects.

This latest developed technology ‘Neuro-morphic electronics system’ [5]
is integrated with most recognized technology which is known as
semiconductor photonics. It is composed of third and fifth group of elements i.e.
GaAs and InP [2].
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Below Figure 1 represents the photonic integrated technology indicating fabri-
cation, characteristics like growing and mixing of GaAs and InP materials to provide
efficient, robust, and monolithic optoelectronic integration platform. It was devel-
oped and observed by Sandia National laboratory services.

The developmental growth of photonic crystals, components and meta-materials
[6] lead to the advancement of photonics in the area of designing, modeling and
technological integration. This kind of integration investigates AI with photonics.
This promising domain is someway sustained by ‘photonic materials’ [7] which
assist to find out and intend innovative applications of AI. It should be noted down
that how photonics is contributing for the implementation of AI tools and
techniques.

The contributing field of photonics towards AI includes Neuro-morphic
electronic system, Optical Neural Network (ONN), Nano Photonics,

Figure 1.
GaAs & InP Composed Photonic Integrated Circuits [2].

Figure 2.
Proposed dual cores PCF with different mode indexes.
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meta-materials, optical sensing, optical imaging [8], optical computing,
Information Processing Machines etc. These above mentioned optics emerging
domains can be integrated with AI tools [9] to enhance the efficiency and
performance of these systems.

Figure 2 represents the design structure of dual core silica PCF with an effective
index mode of 1.4053. By changing the mode index value we can have light
confinement variation which is shown below in Figure 3 (a & b).

As shown below in Figure 4 indicates contribution of photonics in terms of
machine intelligence with Neuro-morphic computing along with Optical neural
network and optical sensing for AI technology. These latest technologies helped AI
to diagnose critical disease.

Figure 3.
(a, b) Light Confinement through proposed design for different values of Index Modes (c) Identification of
infected cells with AI (d) Relative sensitivity (e) confinement loss of proposed design.
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2. Photonics materials and their characteristics for AI

We all are witnessing an inconceivable age of drastically development in appli-
cations that necessitate expansion in AI [10]. If we are discussing about the inge-
nious novel outcomes that are gradually trending towards the market place and
many more are preferred and expected. Fiber Optics & Photonic materials [11] are
widely used for these products like new display, personalized mobile devices, novel
sensors, and new information processing machining products for both storage and
data processing. It is trending in very clear manner that the areas of Fiber Optics &
Photonic materials are fundamental technologies for the globe. Inventing and
uncovering new materials [12] in the Fiber Optics & Photonics domain will be
exceedingly critical to see more and more novel outcomes to improve normal
people’s lives.

Materials that have been exposed at the crucial point of life, always changes the
history of human being along with the country. Materials that are used to senses,
materials that are used to stores, materials that can be used as energy efficient, some
translucent materials which can be folded easily and some materials that are manu-
facturable at low cost. New discovered materials such as doped silica materials [13],
resistance changing materials and spontaneously magnetize and polarize materials
have been discovered and using widely for AI integration and their applications.

In the line of discovery of new materials, the Picometer [7] can also be consid-
ered as a vibrant example in the field of atomic structures. There are numerous
atomic structures available that were simulated and their data were utilized for AI
analysis to identify artificially controlled ‘oxygen octahedral rotation’ (OOR)
patterns as shown in below Figure 5.

Figure 4.
Contributing field of photonics for AI (a) AI with Neuro-morphic computing (b) Optical Neural Network (c)
Optical sensing and computing [5].
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It was used as Disorder-Driven Metal–Insulator Transition in Crystalline
Vacancy-Rich Ge-Sb-Te Phase-Change Materials [7].

2.1 New Investigative Materials for AI

The discovery and development in the new materials plays an important role in
the technological progress. As we have already seen that how silica has revolution-
ized the microelectronics industry. Materials discovery and design efforts require
interplay between materials prediction, synthesis and characterization [12] have
increased applications of computational tools and techniques, increased generation
of material’s databases, and accelerated advances in experimental methods signifi-
cantly. Some of them are composed of three special elements i.e. germanium,
antimony and tellurium which is defined as Ge-Sb-Te alloy [2] and can be termed as
phase-change memory materials. This alloy is selected from the group of
chalcogenide glass (As2Se3) [12] which can be used in rewritable optical discs.

The above mentioned Figure 6 is used as a non-volatile quasi-continuously
reprogrammable platform. This phase-change memory material rapidly changes its
atomic structure from crystalline to solid amorphous when swiftly melted in pres-
ence of temperature. These kinds of materials are widely used in ‘electronic mem-
ory’ applications of AI tools such as data storage. Even though there are countless
integration is possible with Ge-Sb-Te alloy, the new material GST467 [6] revealed
by CAMEO (Closed-Loop Autonomous System for Materials Exploration and Opti-
mization) is most favorable for phase-changing applications.

CAMEO found the best Ge-Sb-Te alloy that had the largest difference in “optical
contrast” [6]. GST467 also found applications in photonic switching devices that
can be used to control the direction of light in given circuit. These devices can also
be utilized in Neuro-morphic computing [5], which is an emerging field focusing on
development of devices which imitate the formation and role of neurons in human
brain. Materials science or solid-state physics is plagued by the ‘curse of
dimensionality’.

3. AI for photonics

When the words “artificial intelligence” (AI) comes to mind, our first thoughts
may be of super-smart computers or robots that perform tasks without needing any
help from humans.

Figure 5.
Oxygen Octahedral Rotations and its characteristics [7].
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A multi-institutional team of research scholars from National Institute of
Standards and Technology (NIST) [6] have developed an AI algorithm known as
CAMEO. It was used for the discovery of potentially applicable new photonic
material without any additional preparation and efforts from the scientist. These AI
systems helped to reduce the trial-and-error time which generally scientists use up
in the lab. Along with this these systems maximizes the productivity and efficiency
of their research work. Another research scientists team at POSTECH (Pohang
University of Science and Technology) [7] got succeed in creating a novel substance
that generates electricity by effect of polarization at room temperature. The varia-
tion so observed would be confirmed in crystal structure by analysis of deep neural
network. The above mentioned examples revealed the techniques behind making
materials used in new memory devices by using artificial intelligence. So it is very
much clear that the use of modern computational techniques like AI can be used to
improve the rate of discovery of these new photonics materials and vice versa.
Helping scientists in reaching their outcomes more efficiently and quickly by
performing only few experiments with limited resources. All these things became
possible only because of integration of AI and Photonics.

The optical properties are typically calculated by using Maxwell’s Equations [13].
The desired optical response can be obtained by adjusting the initial design and
performing multiple simulations until the outcome is achieved. Despite designing
issues AI can help optics and nano photonics in different tasks, for example AI used
to estimate the optical properties of black carbon fractal aggregates. Another

Figure 6.
GST467 with AI (a) Schematic cross-section of the hybrid waveguide. (b)&(c) Fundamental quasi-transversal
electric (TE) mode profiles of the hybrid waveguide at 1550 nm for (d) complex refractive index of GST and
GST as a function of wavelength. (e) XRD data of GST [6].
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example is reported where they combines finite element simulations and clustering
for the identification of photonic modes [14] with large local field energies and
specific spatial properties. It is shown that the combination of machine learning
with photonics [15] can revolutionize one of the most important fields in optical
imaging.

4. Proposed dual core PCF design integrated with AI

The silica glass is easily available and have some characteristics due to this it is
preferred for designing PCF structures. Below Table 1 depicts some properties of
silica glass [15].

Silica is the purest form of SiO2 which is easily available from the sand as a raw
material. This raw silica is used to convert into Electronic Grade Silicon (EGS) from
various processes. This glass has superior transmission chatcteristics in the UV
(Ultra-violet) and IR (Infra-red) spectra, a very low dielectric coefficient and
excellent properties where fluorescence or polarization is an issue. This silica can be
shaped too many forms and sizes. It has excellent resistance to non-fluorinated
acids, solvents and plasmas. The finite-difference method is the most accurately and
numerically efficient method to solve Maxwell’s Equation [15] and needs less
computational time.

By selection of Silica glass as a core material for designing of PCF structure,
below mentioned Figure 7 depicts the cross-sectional view of proposed dual core
Silica PCF with circular sensing ring. The diameter of the air hole is 1.2 μm. Here
elliptical air hole is also used in the first layer and the semi major and semi minor
axis for that ellipse is 1.2 and 0.8 μm respectively. The pitch value for the proposed
structure is 2 μm.

After designing the structure of Dual Core PCF if there is a variation of index
mode then due to different mode index values, there must be some variation
measured in confining light through designed PCF. This variation is already
mentioned in above Figure 3 (a & b).

It indicates that as index mode value varies like 1.4053, 1.4055, 1.4088,
1.41… .. The variation is observed in confining the light through core of the
proposed fiber.

The proposed dual core PCF for sensing various applications like blood sample
detection, alcohol detection, disease detection, White Blood Cells (WBC), Red
Blood Cells (RBC) detection and for many more pathological detection can be
integrated with AI technology which provides optimized results to diagnose
infected cells. For this purpose below mentioned setup as shown in Figure 8 is

Properties Silica Glass

Density (g/cm3) 2.2

Refractive Index (micrometer) 1.458

Light Transmission wavelength (micrometer) 0.18–2.5

Max Temperature (Degree Centigrade) 1120

Poission’s Ratio 0.17

Specific heat capacity (J/Kg-K) 720

Speed of sound (m/s) 180 � 103

Table 1.
Properties of Silica Glass Material [12].
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arranged. With the help of this setup the proposed dual core PCF can be utilized
with AI to serve better and improved outcomes. The above mentioned Figure 3 (c)
represents the infected cell by using designed PCF structure integrated with AI.
Relative sensitivity and confinement loss is also displayed in Figure 3 (d & e).

In this setup the optical source is used to supply power to the Fiber. By using the
splicing technique fiber can be connected with the proposed PCF. IN and OUT ports
are used to control the unknown analytes whose refractive Index (RI) need to be
identified. When analyte interacts then the variations in terms of lows and peaks
occurs which can be observed and displayed using computer. The outcomes so
obtained can be enhanced to provide efficient result with AI. Dual core silica PCF

Figure 8.
Experimental Setup to Obtain Outcomes.

Figure 7.
Proposed Dual Core PCF with Perfectly Matched Layer (PML) Boundary.
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serve as a sensing element used to sense the selected parameter and the AI
technology boost the effects of results so obtained.

With the Above mentioned proposed design the following tested have been
performed using Dual core Silica PCF.

Depending upon the refractive index of blood serum, the intensity of light is
modulated and detected at other end of PCF [16]. The relation between evanescent
field absorbed by sensing species and intensity modulation at output end is
observed.

Sensitivity is obtained by using

r f ¼ f
nr
nc

� �
(1)

Where nr is the refractive index of the fluid, nc is core refractive index, rf is
relative sensitivity coefficient and ‘f’ is the ratio of optical power with in large holes
to the total power which is given as

f ¼
ð

ExHy �HxEy
� �

samples=

ð
ExHy �HxEy
� �� �

total

�
(2)

Confinement loss [17, 18] is calculated by

LC ¼ 40π= ln 10ð Þ λð Þ Im neffð Þ dB=km½ � (3)

or it can be written as

LC dB=mð Þ ¼ 8:686 k0 Im neff
� �� 106 (4)

Here neff signifies imaginary part of effective refractive index, and k0 is the
free-space number.

The data set of blood serum, ethanol and water for this case of investigation is
selected as an input which can be passed through the setup and results so obtained
have been optimized by using AI. These results obtained numerically and
experimentally have been presented in above mentioned Table 2.

5. Discussion

The potency of the AI standards lies in its capacity to deal with anonymous
computing troubles. It is practically identified that it is giving not only innovative or
optimized solutions and forecasting, but also original substantial impending to the
structure by using integration with technologies. Here we have presented an inte-
grated discussion between AI and Photonics. The AI has been utilized to nurture
tiny investigational datasets in iterative method to envisage new materials and

Parameter Tested Refractive Index Relative Sensitivity (%) Confinement Loss (dB/km)

Ethanol 1.33 56.90 2.37 � 10�6

Blood Serum 1.39 46.51 3.814 � 10�10

Water 1.32 53.57 8.063 � 10�11

Table 2.
Test Performed for various parameters.
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execute multi objective optimization of properties for selected materials. Corre-
spondingly Photonics is also offering new materials for booming realization and
performing computation takes in an efficient manner to AI. The characteristics of
the dual-core photonic crystal fiber (PCF) sensor are studied using the finite ele-
ment method (FEM), and the structure is improved according to the numerical
simulation results.

6. Conclusions

In the revolutionary field of optics and photonics, most of the work has so far
been offered on purpose of photonics to the realization of AI to the intend, expan-
sion and optimization of photonic meta-materials and various devices. AI tech-
niques present prospects both to expand physical approaching and to investigate
constraints in a more proficient manner.

Most successful paradigms of AI and photonics like Neuro-morphic electronic
system, Optical Neural Network (ONN), Nano Photonics, meta-materials, optical
sensing, optical imaging have also been demonstrated here in this chapter in which
AI is boosting photonics and similarly photonics is also helping AI to perform
efficiently. The proposed Dual core Silica PCF is used to identify infected cell in a
human body. Due to easily presence of Silica glass and its vibrant characteristics it is
preferred for the proposed PCF design. The refractive index of selected material is
1.458, Specific heat capacity is 720 J/Kg-K, Light Transmission wavelength is 0.18–
2.5micrometer. It has been observed that the relative sensitivity for ethanol, blood
serum and water is 56.90%, 46.51% and 53.57% respectively. Similarly the confine-
ment loss for the proposed structure is 2.37 � 10�6, 3.814 � 10�10 and
8.063 � 10�11 dB/km respectively for the same parameters as mentioned above.
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Chapter 9

Laser Opto-Electronic Oscillator
and the Modulation of a Laser
Emission
Alexander Bortsov

Abstract

The autonomous optoelectronic generator (OEO) is considered in the chapter as
a source of low-noise oscillations. Differential equations are considered and
methods with OEO modulation with direct and external modulation are analyzed.
The complexity of both approaches is related to the non-standard way of descrip-
tion of the nonlinear method modulation for the internal (direct) structure and the
utilization of the specific Mach-Zehnder modulator for the first stage on external
modulation. The purpose of the presentation is to consider the main features of
OEO as a low-noise generator. This includes consideration based on the study of
differential equations, the study of transients in OEO, and the calculation of phase
noise. It is shown that different types of fibers with low losses at small bending radii
can be used as a FOLD in OEO. The important role of the choice of a coherent laser
for OEO with a small spectral line width is shown. The prospects of using structured
fibers with low losses at bends of less than 10 mm in OEO are described. The results
of modeling dynamic processes in OEO with direct modulation are presented.

Keywords: opto-electronic oscillator, phase noise, optical fiber, QW laser,
microwave oscillator

1. Introduction. The opto-electronic oscillator structure

Development and creation of the compact ultra-low-noise microwave signal
sources, which would be impact-resistant, is an important problem of modern
radio-physics and radio engineering. Levels of the phase noise spectral density at
the microwave source output must be for most of the applications �120 … -170 dB/
Hz at generation frequency 8 … 12 GHz for 1-kHz offset from a carrier. Construc-
tions of these oscillators must sustain the strong mechanical impact loads in 200 …

2000 N/cm and high accelerations up to 2 … 10 g. Geometrical dimensions of the
modern signal sources should often be approximately 10х10х10 cubic mm, espe-
cially for the satellite applications.

Development and implementation of new compact microwave and millimeter-
wave oscillators with improved performance would lead to revolutionary jump in
radio electronics, perhaps, comparable to discovery of the quantum-dimensional
lasers or (as in radio engineering) at arriving of the high-stability quartz crystal
resonator. The new type of oscillators called as opto-electroniс oscillator (OEO)
described in this paper will permit to use in the mobile communications and in
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Internet systems of new radiofrequency channels for information transmission,
including 30 … 75-GHz ranges at the low power of transmitters. A number of
publications devoted to OEO experimental investigations grows each year [1–8].

Opto-electronic oscillators will undoubtedly find wide application in the fiber-
optical communication lines as well as in on-board radar systems on millimeter- and
centimeter ranges, in communication systems as low-noise local oscillators in
receivers and as a master clock in transmitters, in an optical lidar technology, as
sensors of different physical quantities and in many other systems [8–16].

OEO diagrams with the direct modulation (OEO DM) presented in Figure 1a
and the OEO structural diagram with external modulation of optical emission, which
is often called as an opto-electroniс oscillator with the Mach–Zehnder modulator
(OEO MZ) presented in Figure 1b.

Let us consider the case of OEO operation with a small modulation index, and
under the condition that the width of the spectral line of the optical laser

Figure 1.
Structural diagrams of the optoelectronic oscillator (a) with the direct modulation by current and (b) with
external Mach-Zehnder modulator. Laser = the optical quantum generator (the laser or QWLD), MZ = the
electro-optical MZ modulator, OA = the optical amplifier, OF = the optical filter, OF = the optical fiber,
Pp = the pumping power, PD = the photo-detector, NA = the nonlinear amplifier, F = the RF filter, C = the RF
coupler, CH1, CH2 = the optical channels of the MZ modulator.
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generationΔvL is much smaller than the radio frequency f 0 of the OEO generation:
ΔνL < < f 0. In this case, the spectrum of the modulated radiation can be
represented by several harmonics. We will limit our analysis to the case of two or
three optical harmonics, respectively, with frequencies ν1 ¼ ν1 � f 0, ν2 ¼ ν0, ν3 ¼
ν3 � f 0. Two of these optical frequencies ν1 and ν2 are spaced from the central
optical laser frequency ν0 by the sub-carrier frequency f 0.

Figure 2a and b shows the analog model of statistical processes in OEO MZ with
utilization of the random variables correlator. The correlator structure is described
in [16]. It consists of the multiplier “* ”, two optical channels with different delays,
and the delay cell defining by he delay in the optical fiber. The functional diagram
Figure 2a and b illustrating principles of the correlator method and the frequency

Figure 2.
The functional diagram illustrating principles of the correlator method and the frequency discriminator method
in OEO with the MZ modulator and in the circuit with direct amplitude modulation at suppression of the one
harmonic. a) Diagrams (1–4) of optical frequency selection; b) L = the laser, Т1M and Т2M, = delay lines have
delay times in channels, “ + ” = (adding), “х” = (multiplication), “*” = (conjugate operation), “

Ð
” = (integration),

F = the low-pass filter, a = the amplifier.
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discriminator method in OEO with the MZ modulator and in the circuit with direct
amplitude modulation at suppression of the one harmonic.

2. OEO with direct modulation and OEO with the Mach Zehnder
modulator

As in [8–16] when studying noise, OEO is considered here as an optoelectronic
system in which oscillations are formed in the optical and radio frequency ranges.
The oscillation frequency of the laser is approximately 200 Hz, and the radio fre-
quency of the OAO generation is approximately 10 GHz. A VLD quantum-
dimensional laser diode is used to generate laser radiation. The positive feedback ring
is formed by an optoelectronic circuit consisting of a modulator, an optical fiber, a
photodetector, an electronic amplifier, an electronic filter, and a directional coupler.

Fluctuations are formed at the OEO output. Laser fluctuations are of a quantum
nature. When using a low-noise amplifier, the phase fluctuations of the laser deter-
mine mainly the noise of the OEO output.

3. OEO construction and its operation principle

Figure 1a shows a direct modulated OEO diagram. At the same time, the QWLD
laser it works in the mode of amplitude modulation or intensity modulation. In
Figure 1b the diagram of the OEO with external modulation is presented.

The OEO DM diagram (Figure 1a) is formed by a QWLD laser; a single-mode
optical fiber (FO); a photodetector (FD); an electronic amplifier (A); an electronic
filter (F), for example, based on a dielectric microwave resonator. The OOO MZ
diagram (Figure 1b), in addition to the QWLD laser, includes elements that form a
closed loop: the Mach Zehnder modulator (MZ); a fiber-optic system (FOS)
containing an optical filter (OF) and single-mode optical fiber (FO); photodetector
(PD), such as a quantum photodiode size; narrow-band RF filter (F), nonlinear
amplifier (A), and directional coupler (C). A fiber-optic delay line (RF FODL) is
formed by a laser connected in series, OF, FO, and PD (Figure 1a), or by a laser
connected in series, MZ, OF, FO, and PD (Figure 1b). OEO can be considered as a
delayed feedback oscillator.

Figure 1a and b show a laser as a source of optical oscillations, which includes a
closed-loop optical amplifier (OA) and an optical filter (OF). We consider the case
of the laser radiation modulation mode for single-mode, single-frequency, and
linearly polarized optical radiation. When self-excitation conditions are met in such
OEO systems (Figure 1) generation of microwave range oscillations occurs. A fiber-
optic delay line (RF FODL) is formed by a laser connected in series, OF, FO, and PD
(Figure 1a), or by a laser connected in series, MZ, OF, FO, and PD (Figure 1b).
OEO can be considered as a delayed feedback oscillator.

Figure 1a and b shows a laser as a source of optical oscillatons, which includes a
closed-loop optical amplifier (OA) and an optical filter (OF). The pump or pumping
power Pp of the laser is shown conditionally.

We consider the case of the laser radiation modulation mode for single-mode,
single-frequency, and linearly polarized optical emission of the highly-coherent
laser. When self-excitation conditions are met in such OEO systems, Figure 1
generation of microwave range oscillations occurs.

In the diagram in Figure 1, the Laser is presented by closed into a loop the
optical amplifier (OA), the optical filter (OF), which corresponds to the “traveling-
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wave” laser or the fiber-optical laser. The optical pump power Pp acts at the active
amplifier. If the excitation conditions are met, the laser generates optical oscillations
which pass from its output into MZ, then pass via two optical channels with
different delays, combine together and through OF and FO acts to the light-
sensitive PD area. An effective modulation by MZ is possible in microwave range
only for single-mode single-frequency and linear-polarized emission of the highly-
coherent laser. Quantum-Well (QW) laser diodes and the fiber-optical lasers with
polarizers at their outputs are such emission sources.

The laser is the pump source for the radiofrequency network (Figure 1b) closed
into a loop and formed by a modulator, an optical fiber, a photo-detector, an
electronic amplifier, an electric filter, and a coupler.

As a result of oscillation processes, the spectra are formed with fluctuations having
the various nature, but the spectral line width of radiofrequency oscillations is defined
by parameters of two oscillating system: the laser and the radiofrequency oscillator.

4. Problem statement

At present, in large-dimension models of laser OEO (Figure 1) with the fiber-
optical delay line the low phase noise level of �157 dB/Hz [5, 6] is achieved on the
10 GHz generation frequency at 1 kHz offset from a carrier.

Experimental and theoretical investigations of the power spectral density of the
laser oscillator phase noise described in [16], show that reduction of the phase noise
level of OEO in many respects depends on the laser phase noise level. At oscillation
frequency 8… 10 GHz at standard offsets from 1 to 10 kHz, the power spectral
density of the phase noise is �120 dB/Hz… -140 dB/Hz.

Appearance on the commercial market of nano-dimension optical fibers with
low losses (down to 0.001 dB per one bend, at small bend radii up to 2… 5 mm)
becomes the stimulus for improvement of OEO radiofrequency generation
methods. This allows implementation of comparably small (by geometric linear
maximal dimensions) fiber-optical 5μs delay lines of 10… 30 mm.

In spite of the growth of publications devoted to OEO experimental investiga-
tions, the theoretical analysis and systematization of main mechanisms of the phase
noise suppression in the low-noise laser OEO was not yet described in known
literature. The laser phase noise influence on the OEO radiofrequency phase noise
was not researched yet.

The purpose of the presentation is to consider the main features of OEO as a
low-noise generator. This includes consideration based on the study of differential
equations, the study of transients in OEO, and the calculation of phase noise. It is
shown that different types of fibers with low losses at small bending radii can be
used as a FOLD in OEO.

Following to an approach described in [16], for OEO noise analysis, we consider
the system in Figure 1, in which two different oscillation processes are developed:
laser oscillations with the generation frequency of approximately 200 THz and 10-
GHz oscillations in the radiofrequency network closed into a loop. At that, the
frequency multiplicity is approximately 20,000.

5. Laser in OEO

We will assume that the laser in OEO has high coherence and the spectral line
width is much smaller than the average generation frequency, and the laser
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oscillations can be considered close to sinusoidal, and with a phase component of
noise with normalized amplitude noises mLm tð Þ and the phase noise component
φLm tð Þ:

EL tð Þ ¼ E0L þmLm tð Þ½ � cos 2πν0Ltþ φ0L þ φLm tð Þ½ �: (1)

Here EL tð Þ, E0L,mLm tð Þ are normalized non-dimensional quantities, respectively:
the instantaneous intensity, the EMF intensity amplitude, and the EMF amplitude
noise, ν0L is the average laser oscillation frequency, φ0L is the initial constant phase
shift, t is the current time.

In the opto-electronic oscillator system, under fulfillment of excitation
conditions in the electronic part of such an oscillator, the radiofrequency oscilla-
tions u ¼ ug tð Þ give rise. At that, the radiofrequency signal passes to the electric MZ
input from the output of a nonlinear amplifier through the C coupler during oscil-
lation generation. The instantaneous voltage of this signal is

ug tð Þ ¼ U10MZ þmem tð Þ½ � cos 2πftþ ϕ0e þ φem tð Þ½ �, (2)

where U0:1MZ ¼ U01C is the amplitude of fundamental oscillation at the electric
input of the MZ modulator or at the C output, f is the oscillation radiofrequency,
ϕ0e is the constant phase shift, φem tð Þ are electronic phase fluctuations, mem tð Þ are
electronic amplitude fluctuations.

The low-noise single-mode and single-frequency quantum-dimension laser
diodes or the fiber optical lasers are used as the light sources in OEO.

The laser included in the OEO structure (Figure 1) is formed by (closed in the
loop) the nonlinear OA, the narrowband optical filter (OF), and the optical delay
line. The optical oscillation frequency ν0L, which is generated by the quantum-
dimension laser diodes in the autonomous steady-state, can be found (under exci-
tation condition fulfillment) on the basis of the phase balance equations solution for
the steady-state optical intensity oscillations in the optical resonator and in the laser
active element.

To reveal the main mechanisms of the laser noise influence on the OEO radio-
frequency noise, the laser can be described by a system of semi-classical equation
with the Langevin’s sources of the white noise (ξE,ξP,ξN), relatively, for the EMF
intensity EL, a polarization of the laser active material Pn, a population difference N.
We studied the laser equation system under its operation in the single-frequency
single-mode regime. At that, oscillation are linear-polarized. The main assumption
for utilization of semi-classical equations is that the carrier life time on the upper
operation level and the time constant T0F of the laser optical filter (OF) are much
larger than the relaxation time of polarization T2. At that, the equation system with
the Langevin’s sources for the laser can be written as:

d2EL

dt2
þ 1
T0F

dEL

dt2
þ 2πν0Fð Þ2EL ¼ 2ω2Pn

εn
þ ξE;

d2Pn

dt2
þ 1
T2

dPn

dt
þ 2πν12ð Þ2Pn ¼ p2e

h
NEL þ ξP;

dN
dt

¼ αN0 � J0N � N
T1

� 1
h
PnEL þ ξN;

8>>>>>>>>>><
>>>>>>>>>>:

(3)

In (3) T2 is the polarization time constant, the excited particles at the upper
energy level, T1 is the lifetime of the excited particles at the upper energy level,
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T0F is the time constant of the optical resonator, pe is the combined dipole moment,
h is the Planck constant, ν0F is the natural frequency of the optical resonator on the
specific n-th longitudinal mode, ν12 is the optical frequency of the transition, J0 is
the constant pump current, αN0 � J0 ¼ N02 �N01ð Þ= N02T1ð Þ is the constant pump,
εn is the permittivity, ν0F is the intrinsic optical frequency of the resonator, Pn is the
polarization of the active material, N ¼ N02 �N01ð Þ is the population difference
between the excited and unexcited levels produced by the pumping.

It should be noted that Eqs. (3) are similar to well-studied equations in the
oscillator theory for the double-circuit autonomous oscillator with the inertial
auto-bias chain with fluctuations.

6. Compact fiber optic delay line in OEO

At first, we would like to note that in RF FODL with geometric length of the
optical fiber of 1… 5 km, the useful volume (in which emission propagates in the
regime of one transverse mode) is not more that one cubic centimeter.

The extremely small geometric dimensions and dimensions of the FODL OEO
are important for its use in on-board systems of flying unmanned vehicles, since it
is possible to implement effective systems for suppressing force vibrations and
accelerations and to make high-precision thermal stabilization systems.

It is comparable in size to other commercial low-noise sources of microwave
oscillation. Figure 3, and represents a diagram of the maximum sizes for various
oscillators that operate in the 10 GHz frequency range: 1 - the quartz resonator
(QR), 2 – the disk dielectric resonator from ceramic alloys (DR), 3 – the disk
dielectric resonator from leuco-sapphire (DDLS), 4 - OEO the fiber-optical delay
line (OEO RF FODL) (delay time is 10–50), 5 - the optical disk microresonator
(ODR).

Figure 3, and shows that the smallest dimensions of the resonator have ODR.
The dimensions of modern microresonators, taking into account optical input and
output devices, lie in the range of about 10...100 cubic microns. Figure 3b shows a

Figure 3.
Maximal dimensions of resonators and delay lines used in modern high-stable OEOs and microwave oscillators
(а). Dependence of the resonator size in years (delay time is 50 μs). 1 – QR – The quartz resonator, 2 – DR –
The disk dielectric resonator from ceramic alloys, 3 – DDLS – The disk dielectric resonator from leuco-sapphire,
4 - FODL – The fiber-optical delay line (delay time is 10–50 μs), 5 - ODR – The optical disk resonator. The
plot of maximal overall dimensions’ variations of the fiber reels in years(b).
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graph of the geometric dimensions of the FODL coil of a single-mode optical fiber
(the geometric length of the optical fiber is 5...10 km).

The development of microstructural optical fiber technologies with low bending
losses suggests that in a few years the maximum geometric dimensions of RF FODL
will be 10...50 mm. This becomes possible because microstructured nanofibers have
a minimum loss of 0.001 dB per bend at a bending radius of 2...3 mm. It becomes
possible to reduce the thickness of the optical shell and reduce the required volume.
In this case, it is possible to apply the technology developed by the author [16] for
creating fibers by the plasma method when heating the quartz fiber support tube in
the temperature range from 1000° C to 19500° C.

The improvement of the technology of heating blanks of nitrogen-doped quartz
glass with the help of microwave generators, the automatic movement of plasma
columns along the support tubes will lead to the creation of small-sized low-noise
OEO with overall dimensions of 0.5 cm3 with a delay of optical oscillation in it of 50
microseconds.

Figure 4 shows images of various RF FODL with the optical fiber length of
10 km used in OEO.

We note (Figures 3 and 4) that FODL geometric dimensions for the length of
10 km with the delay 50 μs is about 100х100х20 (mm3), and dimensions of the
optical disk resonator are 100х100х100 μmð Þ3. The record small dimensions of
FODL and optical disk resonators allow manufacturing of microwave and mm-
wave oscillators in the miniature implementation with relatively high characteris-
tics in noises and frequency tuning.

At the present stage, the geometric dimensions of the FORD AO are approxi-
mately equal to the resonator made of leucosapphyre. If we talk about using them in
oscillators when generating oscillations with a frequency of 10 GHz.

Note the advantage of the linear topology of the fiber optic delay line FODL in
contrast to the leuco sapphire crystal. The optical fiber in the FODL is less suscep-
tible to extreme forces, which results in higher mechanical strength. These technical
characteristics are very important, since on-board systems are subject to destructive
shock effects and accelerations of several g.

Figure 4.
Views of Fiber optic delay line (FODL) with the optical fiber length of 10 km with dimensions 100х100х20
mm3 (a) . View of FODL with optical fiber length of 0.2 km with dimensions 20х 20х100 mm3 (b).
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Note that the FODL volume consists of only 10% of optical fiber wound on a
quartz cylinder. Therefore, by reducing the critical bend radius when winding the
optical fiber and the cladding diameter, it is possible to potentially significantly
reduce the maximum dimensions of the FODL OEO.

Moreover, in contrast to the disk microcavity, which is used in synthesizers, the
nonlinear optical Kerr effect, FODL in OEO operates in a linear mode. This means
that when light passes through an optical fiber, nonlinear effects and additional
optical harmonics do not appear. The width of the spectral line of the laser after
passing through the optical fiber in the FOLD does not change.

Figure 5a and b shows profiles of commercial “perforated” optical fibers with
the nano-dimension structure of the light-guiding thread.

Note that microstructured fibers with extremely low optical bending losses
(Figure 5) are used in photonic devices to generate the second optical harmonic.
But for this purpose, higher power (more than 20 MW) is used at the input to the
single-mode fiber. As a rule, an optical amplifier is placed after the laser or
modulator.

Plots of optical losses for different types of optical fibers are shown in Figure 5a.
From this plot, we can conclude that fibers with HALF type perforation are
promising for the development of small-sized delay lines.

Figure 5a shows the dependences of optical losses for different types of optical
fibers, and Figure 5b shows the cross-sectional profile of a microstructured optical
fiber with extremely small losses at small bending radii. Analysis of the research
results and optical fibers, gives the right to declare. That the HALF type optical fiber
is promising for creating compact FODL [16]. Application of special or nano-
dimension optical fibers (Figure 5) with low losses at small bend radii (1..3 mm)
(0.001 dB/one bend) allows creation of miniature delay lines (1...50 μs) with overall
sizes from 10 to 30 mm [17, 18].

Thus, when using microstructured optical fibers in OEO, it is possible to
significantly reduce the dimensions of the fiber-optic delay line of the FODL.

Figure 5.
a) 1)the plot of bending radius dependencies for standart optical fiber (OF) single-mode fiber G. 652 type with
core diameter about 10 microns SMF-28e (corning). 2)the plot of bending radius dependencies for special
microstructured optical fiber or hole-assisted light guide fiber (HALF). b)profile of commercial micro-
structured “perforated” optical fiber with the nano-dimension structure of the light-guiding core.

165

Laser Opto-Electronic Oscillator and the Modulation of a Laser Emission
DOI: http://dx.doi.org/10.5772/intechopen.98924



7. OEO differential equations

To make the differential equations of a closed OEO circuit, it is necessary to keep
in mind the following. The positive feedback circuit includes FOS (fiber optic
system (FOS), which contains optical filters OF (Figure 1) optical amplifier (OA),
modulators, photodetector (PD), electronic amplifier(A), electronic filter (F) and
couple (C).

Taking into account the remark made, for the transfer function of the “feedback
loop” KFB, it is possible to write for the case of OEO DM (Figure 1a):

KDL ¼ KFB ¼ i1L
E2
n
¼ J1L

E2
n
, where En ¼ EL is the normalized strength in the QWLD

output, which is equal to the value of the FOS input, i1L ¼ im is a component of the
AC input voltage MZ in the OEM MZ structure and is simultaneously a component
of the AC input QWLD in the OEO DM structure. We obtain the following symbolic
equation for the variable component of the current:

J1L ¼ cos ΔϕOFð Þ½ � Enj j2 1=TEFð ÞKOFKPDp exp �pTDL

� �
SNY J1Lð Þ

p2 þ 1=TEFð Þpþ 2π f 0e
� �2h i : (4)

Taking into consideration the circuit of positive FB, we transfer to equation
system in the time domain for OEO DM [16]:

dE2
0L=dt ¼ G0 � E2

0L:NL � E2
0L=T0F

dNL=dt ¼ αN00 � J0L þ αN01 � J1L �
N0L

T1
� G0NLE2

0L,

dφ=dt ¼ 2πν0P NLð Þ � 2πν0 þ σ0L þ ρ0LE
2
0L,

d2J1L
dt2

þ 1
TF

dJ1L
dt

þ 2π f eF0

� �2
J1L ¼ SNY E2

0LKFOSKPD, J1L t� TDLð Þ� � dJ1L t� TDLð Þ
dt2

,

8>>>>>>>>><
>>>>>>>>>:

(5)

where the transfer function KDL ¼ KFOSKPD, KFOS is the transfer function of
FOS, which contains the optical fiber of two fibers of different length, KPD is the
transfer function of the photo-detector, which were defined in Chapter 2 in
book [16].

Now we present for comparison the similar to (4.18) system from four time-
equation for OEO MZ with QWLD [16]:

dE2
0L=dt ¼ G0E2

0LNL � E2
0L=T0F,

dNL=dt ¼ αN00 � J0L �
NL

T1L
� G0NLE2

0L,

dφ=dt ¼ 2πν0P NLð Þ � 2πν0 þ σ0L þ ρ0LE
2
0L,

d2U
dt2

þ 1
TF

dU
dt

þ 2π f eF0

� �2
U ¼ SNY E2

0LKMZKFOSKPD �U t� TFOLDð Þ� � dU t� TFOLDð Þ
dt2

:

8>>>>>>>><
>>>>>>>>:

(6)

8. Dynamics of transients in OEO DM

Let us consider the transient process of the exit to the steady-state mode of the
free generation of OEO DM at representation of the oscillator in Figure 1a. As it had
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been mentioned earlier, such a structure is described by the system of differential
Eqs. (5). Let us describe in more detail the results of the study of the system of
differential Eqs. (5) for OOO DM (Figure 1a).

On the base of mentioned OEO differential Eqs. (5), the analog model of OEO
was constructed presented in Figure 1a.

Figure 5 presents the obtained solutions of system (5) and shows plots of the
square of the intensity, population, and pump current, as well as phase portraits in
the transient mode under the influence of a constant pump current in the form of a
step pulse.

The one of difficulties at solution of (4) finding at the analog modeling is the
determination of the nonlinearity of the RF nonlinear amplifier (A) in order to
“compensate of the multiplicative QWLD nonlinearity”.

At the same time, in the analog models, the following laser parameters were
taken in solution (5) (the same as in Chapter 3 [16]): for the mesa-strip laser with
the thickness of the dielectric film d = 1.2 μm: g0 = 103, τD=7,2�10�12 s, Ithr = 12 mA,
εsh = 0. The values of parameters of QWLD are: the life time of carriers T1 ¼ τn1 ¼
0.5�10�9 s, the threshold level population difference is 1018 1/cm3, the life time of
photons or the time constant of the optical resonator T0F ¼ τph ¼ 1,2�10�12 s, the
volume of the QWLD active zone is 10�11 cm�3.

The modes with and without delay in the OEO feedback ring were investigated.
(Figure 6).

The pulsations of the square of the intensity and population of the laser in the
simulation of the transition process OOO DM are established.These dependences
are shown in Figure 6. The nonlinear distortions are related to the multiplicative
nonlinearity of the laser. And their level depends on the value of the DC pump
current of the laser.

The period of laser pulsations in transients, which is approximately 0.4 ns,
depends on the level of the pump current and is determined by the carrier lifetime.

Figure 6.
The transient process in OEO and in the laser. The constant pumping level J0 = 30 mA. Activation of pumping
occurs in the time moment t = 0. Time-functions of normalized values: а) the population difference N (10181/
cm3), b) the normalized square of strength (E)2 = (E0L)

2, (1.0 point = 1 mW), c) AC component of pumping
current, d) the normalized square of strength (E)2 = (E0L)

2, (1 point = 1 mW) at initial part [0,50]. The
transient process is presented with the exit to the limit cycle on the time diagram E0L, N0. The scale on the time
axis t: 5 points = 0,1 ns. The setting time for the laser oscillations is 40 points (or 0,8 ns). The setting time of
OEO RF oscillations is on the time axis t 50… 250 points (or 40 ns).
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The setting time of the laser oscillations is 0.8 ns (or from 0 to 40 points in
Figure 6a and b). The time of setting the RF oscillations of the OEO on the time axis
t is 40 ns (or from 50 to 100 points in Figure 6). The oscillation frequency in the
steady-state mode is close to the natural frequency of the electronic filter (F) and
was approximately 10 GHz.

9. OEO DM system of the laser emission

As follows from the theory of oscillations, in a transient process, a special or
critical point can be a stable node, with real and negative roots p1 and p2 of the
characteristic equation of the system of differential Eqs. (5). When the feedback
coefficient in the OEO ring increases, the special point A becomes unstable. In this
case, the characteristic roots p1 and p2 must be positive.

As shown in Figure 7, there is a stable limit cycle around the unstable point A. The
generation is impossible if the isoclinic lines F1 NLð Þ and F2 ELð Þ are not intercepted.

The process of establishing the laser radiation oscillation ends, and then, due to the
positive feedback in the OEO DM ring, there are increasing oscillations of the laser
charge current, which also modulate the inverse population of the laser. This leads to
subsequent oscillations of the square of the electromagnetic field strength of the laser.

If there is a single singular point A in the upper half-plane (Figure 7) the
condition of self-excitation of the laser is fulfilled. Therefore, the excitation of the
OEO DM occurs in a gentle way. This is also true for the case of an arbitrary odd
numbers of nontrivial singular points. OEO DM generation may not be possible if
the isoclinic lines and are not intersect (Figure 7). If the number of singular points
is even (if there are two singular points points), the condition of self-excitation of
the OEO may not be met.

Laser generation can only be excited in a “hard” way, which is initiated by a
pulse from an external source.

If we consider the case of an unstable point A, the oscillatory system develops a
process of oscillation growth. The nonlinearity of the electronic amplifier limits the
growth of oscillations and the conditions for the existence of a limit or closed stable
cycle are met (Figure 7b).

Figure 7.
Transition mode scenario in OEO DM. A phase portrait of the normalized square force is presented. a) the
phase portrait of the normalized square strength (E)2 = (E0L)

2 and the population difference N and . Y-axis –
The normalized square strength (or the intensity), Х-axis – The population. The scale on the Y axis is 1.0 = 1
(V/m)2. The scale on the Х axis is 1.0 = 1 mW. N (1.0 point on the scale is 1018 1/cm3). b) the enlarged image
of the phase portrait is shown and the transient development with the exit to the limit cycle on the time diagram
E0L, N0. The scale on the time axis t is 5 points = 0,1 ns.
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If we consider the question the stability of a given oscillation cycle, then its
existence is determined by the sign of the partial derivatives of the right-hand sides
with respect to one variable when analyzing the characteristic equation obtained in
[16], Chapter 4.

The limit cycle is stable only if the corresponding expressions for the coefficients
are greater than zero [16].

When considering the hard-excited OEO DM mode, it is necessary to note more
complex dynamics, and the picture of the phase plane in the transition mode
becomes diverse. The number of singular points (intersection points of isoclinic
lines) becomes even. Therefore, long-term generation of OEO DM oscillations in
hard mode is possible only when an external generator is operating.

The transients of the oscillation tuning in the OEO DM with no lag in the
positive feedback loop are shown in Figure 8.

Modeling has shown that strong nonlinear distortions caused by the multiplica-
tive nonlinearity of the laser occur at a large oscillation amplitude [16] and their
level is determined by the choice of the operating point or the direct pump current
of the laser.

For example, a level of 1 ... 10% of the maximum possible values is performed
when a constant bias current is selected at a level of 1.5 to 5.0 exceeding the
threshold laser pump current. It is established that the nature of the transient
process is determined by the type of non-linearity of the electronic amplifier, the

Figure 8.
Plots of function of the dependences of the square of the electromagnetic field strength of the laser in the optical
channel, the population of carriers and the pump current. In abscissa axis – The normalized time, in ordinate
axis – а) N – The inversed population; b) (E)2 = (E0L)

2 - intensity of laser; c), �Оscillations of OEO the
electrical current of laser pumping.
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selection of the natural frequency of the electronic filter, and the delay value in the
FODL. At the same time, the duration of the OEO DM oscillation transition process
changes significantly.

Positive feedback is included in the DE system, taking into account the
photodetection of optical radiation, selectivity in the radio frequency, and nonlinear
gain on a nonlinear amplifier.

What is new in the analysis of the OEO DM operation is that the Lotka-Volterra
laser differential equations for the optical field intensity, inverted population, and
optical phase with positive selective feedback with a delayed argument can be
reduced to a single van der Pol differential equation for the pump electric current.

From our studies of differential Eqs. (5), it follows that in OOO DM, single-
frequency and two-frequency modes of relaxation oscillations are possible.

For a stable single-frequency mode of OOO DM generation, the following con-
ditions must be met: a twofold excess of the electron filter time constant (F) over
the electron relaxation time constant in the active layer of the laser.

10. Laser phase noise and OEO phase noise

Expressions for SSB PSD of the laser phase noise do not reflect the important
property of the laser oscillating system: a presence of the relaxation resonance on
the frequency ν00L at the offset from a carrier ν0L, i.e., at F00L ¼ 2π ν00L � v0Lð Þ. We
can take this “resonance peak” into account at linearization of system [16] with
account of the population equation. At that, the expression for SSB PSD of the laser
phase noise take a form:

SPL=P0L ≈
SSL Im

FT0Fð Þ2 þ
SLED11

2 þ SLND22
2

T4
1 F2 � F2

00L

� �2 þ Fα00lð Þ2
� �2 (7)

where F00L ¼ 1=T1ð Þ T0F=T1ð Þα0 � 1ð Þ1=2, α0 is an excess of DC laser pumping
over its threshold value, α00l is a damping decrement, T1 is the lifetime of the
excited particles at the upper energy level, D11 and D22 are the constant coefficients,
and SLE,SLN are relatively, spectral densities of impacts in [15, 16] the Langevinian
noise of the laser ξE, ξN, relatively. Here ξE is the noise of the EMF intensity EL, ξN is
the noise of a population difference N. Figure 9 shows the curve 1 of SSB PSD of the

Figure 9.
Laser phase noise SSB PSD (curve 1), and OEO phase noise SSB PSD (curve 2).
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laser phase noise calculated by formula (7) for SSL Im ≈ SLED11
2SLND22

2 ≈ � 105dB/
Hz, F00L ≈ 14kHz, the time constant of the laser resonator TOF ¼ 10�7s.

11. OEO as the EMF correlator

We studied OEO as a correlator of two random variables ξ1, ξ2 with probability
density at the input of the correlator p1 ξ1, ξ2ð Þ. The random variables in the extrac-
tion of two optical harmonics [16] are phase noise ξ1 ¼ φ10Lm tð Þ and ξ2 ¼ φ20Lm tð Þ
corresponding harmonics with the amplitudes A1E0L and A2E0L. The resulting
phase noise of the current in the load of the PD photodetector is the result of
statistical averaging.The distribution probability p2 ηð Þ determines the appropriate
correlation function of the output process. Where f ηð Þ is the nonlinear characteris-
tic of the photo-detector, ητ ¼ η t� τð Þ of the η tð Þ process in the correlator output. At
that, p1 ξ1, ξ2ð Þ defines the probability density p2 ηð Þ of the statistical process in the
correlator output (Figure 2) of the OEO MZ (Figure 1b) at the closed loop of OEO
MZ for τ>TFOS.

The spectral density of radio frequency OEO oscillations SRFL Fð Þ is determined
by the formula:

SRFL Fð Þ ¼
E4
0L

2
U2

10MZSL
2

K2
ΓPN � 1� A2

A1
exp � 2 ΔTM þ TFOSð Þ

Tc

� �� �
,

(8)

where SPL- SSB PSD of the laser phase noise (7), K2
2ΓPN is the coefficient of the

noise suppression, which depends upon TFOS, the laser optical power E2
0L, the

transfer function of FODL KFODLj j, U2
10MZ is the square of the AC amplitude in the

MZ electrical input. When considering OEO as a correlator of two random variables
ξ1, ξ2 with a probability distribution density at its input p1 ξ1, ξ2ð Þ, we can conclude
from (8) that the SSB PSD of the laser phase noise is significantly determined by the
ratio of the delay time in FOS and the laser coherence time, and it significantly
depends on the ratio harmonics amplitudes A2=A1.

12. OEO phase noise

From Eqs. (7) with account for nonlinear characteristic of the amplifier A
(Figure 1a) as a cubic polynomial iA uð Þ ¼ αe0u� βe0u3 (where u is the instanta-
neous voltage at the amplifier input, and the average slope of this characteristics is
σU ¼ σe00 � 3=4ð Þβe00P0G) and we can obtain through laser and delay line parame-
ters the power of the Opto-Electronic oscillator radiofrequency generation P0G:

P0G ¼ αe00
βe00

1� 1
P0L KFOLDj jαe00βe00

� �
: (9)

We introduce the designation: Y00=P0L ¼ yM 1þ FTEF½ �= KFODLj j,
where yM is the input normalized conductivity of the MZmodulator. Similarly to

(7) for laser PSD, we obtain from the general symbolic Equations [16] the equation
for SSB PSD SΨ of the OEO phase noise.

SSB PSD SΨ reduced to the radiofrequency oscillation power P0G is determined
by expression derived in [14–16] according to the Evtianov-Kuleshov approach.
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The K2
ΓPN2 coefficient depends on the delay time in the optical fiber and on the

laser optical power and it is equal

K2
ΓPN ¼

Y00=P0Lð Þ ffiffiffi
2

p
sin π=4� FTFOSð Þ� �� σU

� �2

Y00=P0Lð Þ½ �2 � Y00=P0Lð Þ � 1þ σUð Þ cos FTFOS½ � þ σU
n o2 :

(10)

where yM is the input normalized conductivity of the MZ modulator. Then the
function of OEO phase noise PSD can be represented [14–16] as

S Fð Þ ¼ SΨ
P0G

¼ K2
ΓPNCAhvNsp

P0G
, (11)

where CA - the constant coefficient, Nsp is a number of spontaneous photons
received by PD.

Plots of (10) are shown in Figure 9. which are limited functions of OEO of the
phase noise PSD with account of small noises of PD and the A amplifier, at laser
phase noise for the offset frequency 1 kHz equaled to about �120 dB/Hz, at laser
power 30 mW, the delay of TBC ¼ 5 � 10�6s (the OF length is 1000 m), σU ¼ 1. We
see that the first peak is defined by the laser phase noise PSD, and average suppres-
sion of the phase noise for 50 kHz offset is more, that �10 dB/Hz.

It should be noted that at the optical fiber length of 2 km the uniform suppres-
sion of the laser phase noise is achieved in the offset range 1… 50 kHz.

Calculation of the phase noise suppression factor K2 Fð Þ suppression factor
according to (9) is presented in Figure 10 σU ¼ 1σU ¼ 1 : TFOS=TF ¼
1, P0L∣KFODL∣ ¼ 2 (curve 1); TFOS=TF ¼ 10, P0L∣KFODL∣ ¼ 2 (curve 2); TFOS=TF ¼
10, P0L∣KFODL∣ ¼ 4 (3 curve). It can be seen that increase of delay time from
TFOS=TF ¼ 1 (curve 1) to TFOS=TF ¼ 10 (curve 2) results in reduction of K2 factor
more than 10 times in the rated offset frequency F � TF range 0.05…0.5.

It is shown that at OF length, the further reduction of the OEO phase noise is
possible using the PLL (phase-locked loop) system. Calculation results are well-
agreed with experimental dependences of OEO phase noise PSD, which can be
found in [14–16]. Here, we should remind that first publications on research of
frequency stability in OEO with the help of FOLD were fulfilled in 1987–1989 at

Figure 10.
The phase noise suppression factor K2 ¼ K2

ΓPN (9) versus the rated offset frequencyF � TF: TFOS=TF ¼
1, P0L∣KFODL∣ ¼ 2, (curve 1); TFOS=TF ¼ 10, P0L∣KFODL∣ ¼ 2 (curve 2); TFOS=TF ¼ 10, P0L∣KFODL∣ ¼ 4
(3 curve).
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Radio Transmitter Dept. of Moscow Power Engineering Institute (now NRU MPEI)
while the OEO circuit was offered in [12, 13].

13. Experimental investigations

Experimental researches were devoted for several experimental OEO of micro-
wave range with various pumping laser diodes, which emit at wavelengths of
1310 nm or 1550 nm. The maximal output power of optical emission for used laser
diodes formed about 10… 20 mW. Figure 11 shows the photo picture of one piece
assembled on the base of the circuit in Figure 1b. As the photo-detector, we applied
the PD on the base of InGaAs. The radiofrequency filter represented the dielectric
resonator of microwave range with the loaded Q-factor of 1000. This resonator was
made on ceramics and had a natural frequency 8.2 GHz. This breadboard model
used the wideband (up to 12 GHz) modulation of laser emission, which was
performed by the Mach-Zehnder modulator from Hitachi Co. The single-mode light
guiders with lengths from 60 m to 4640 m were used for experiments. The stable
generation of single-frequency oscillation at frequency close to 8.2 GHz was
observed in OEO system for various OF lengths.

The delay of OEO signal was performed with the help of additional fiber-optical
light guider with the 10 km-length and the additional photo-diode. The phase noise
level at usage of different lasers formed the value �100… –127 dB/Hz, for offsets
1… 10 kHz from the microwave sub-carrier frequency under generation and it
depends on the spectral line width of laser emission.

Essential reduction of the phase noise by 15 dB was observed in OEO using the
differential delay line on the base of two optical fibers of different length. These
experimental functions are well-agreed with theoretical at account of the stabiliza-
tion effect at OF lengths more than 2000 m.

14. Conclusion

At that, formation of the final phase RF noises of OEO is examined as the result
of the convolution operation of the laser optical spectrum and the RF spectrum of
the oscillation. Thus, when using microstructured optical fibers in OEO, it is possi-
ble to significantly reduce the dimensions of the fiber-optic delay line -FODL.

Figure 11.
General view of the experimental breadboard of low-noise laser opto-electronic oscillator of microwave range.
The mean oscillation frequency is 8… 10 GHz.
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For a stable mode of OEO generation in the single-frequency mode, it is neces-
sary to double the time constant of the electron filter (F) over the time constant of
the relaxation of electrons in the active layer of the laser.

We have shown that the resonant curve of the electron-photon resonance of the
laser has a significant influence on the formation of the power spectral density PSD
of the phase noise in OEO. For stable operation of the OEO, the laser coherence time
and the delay time in the optical fiber must be balanced. The use of microstructured
fibers with low bending losses makes it possible to create compact fiber-optic delay
lines for OEO.

Under assumption of the small and large oscillation amplitude at the modulator
electrical input, we study OEO as a system in which two oscillation processes are
developed on the optical frequency and in radiofrequency. The relatively simple
expressions for phase noise PSD of the radiofrequency generation in optoelectronic
generator in the mode with the single-side carrier with an account of the laser phase
noise. The analysis fulfilled shows that under condition of predominance of laser
noises being detected over v noises of the electronic amplifier and the OEO
photo-detector of the filtering system.

For reduction of spurious influence of DC intensity component on the photo-
detector we offer to use the modulator operation mode with an offset of the optical
channels “pi”.

The suppression factor of the OEO laser phase noise at optical fiber lengths from
2 to 10 km is about �8… -10 dB/Hz at offset of F ¼ 1kHz. Utilization in OEO of the
highly-coherent laser with the phase noise less than S Fð Þ ¼ �100 dB/Hz (at the
same offset) is the condition of OEO small phase noises less than S Fð Þ ¼ �130 dB/
Hz at the F ¼ 1 kHz offset. The value of the OEO power spectral density is propor-
tional to the spectral line width of the laser optical emission.
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