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Abstract

Several designers are employing fiber optics instead of copper wire to transport information
between data ports to fulfill the high-speed requirements of today's communication systems since
it offers several advantages such as high transmission capacity and low losses. Limitations and
flaws such as chromatic dispersion hamper the performance of optical fiber communication
systems. Tolerating the effects of chromatic dispersion in optical communication systems, various
classic dispersion compensation techniques such as Dispersion Compensation Fiber (DCF) and
Fiber Bragg Grating (FBG) have been used. Advanced modulation schemes, such as orthogonal
frequency division multiplexing (OFDM), are excellent candidates for improving spectrum
efficiency in communication systems by reducing chromatic dispersion effects. That is FBG uses
the principle of recompression of light signals with different wavelengths to reduce the effect of
chromatic dispersion. And OFDM uses the orthogonality principle between subcarriers with the
insertion of cyclic prefix and guard bands to reduce the effect of chromatic dispersion. The
performance of a high-speed optical fiber communication system was investigated using coherent
optical OFDM (Co-O-OFDM) and Fiber Bragg grating (FBG) as dispersion compensation
techniques in this thesis study. The system models were simulated using Optisystem simulation
software, and the output was plotted using MATLAB. Performance measuring metrics such as
optical signal to noise ratio (OSNR), bit error rate (BER) and Quality-factor were used to
thoroughly examine the results. RF spectrum, optical spectrum, and constellation diagram of the
signal were examined at different distances to see the effect of chromatic dispersion. The
performance of both DP-16QAM Co-O-OFDM and FBG integrated DP-16QAM Co-O-OFDM
systems declined as the signal propagated long distances of fiber optic for four different rates due
effect of chromatic dispersion, and FBG integrated DP-16QAM Co-O-OFDM system performed

better for the same rate and distance due to integration of FBG.

Key Words: Orthogonal Frequency Division Multiplexing, Chromatic Dispersion, Fiber Bragg
Grating, Optical Signal to Noise Ratio, Bit error rate, Quality factor
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CHAPTER ONE
Introduction

1.1. Background

The growth of human civilization has been aided by information transmission. A communication
system's major goal is to transfer the most data bits per second across the shortest distance possible
with the lowest errors[1]. As shown in Figure 1.1, the demand for high-capacity communication
systems is growing at an exponential rate as a result of the introduction of various new applications
such as video conferencing and broadband wireless communication[2]. As a result, the next
generation of access networks, such as 5G, is hastening the need for wired and wireless services
to be converged in order to provide end customers with more choice, convenience, and diversity
in a more efficient manner. To put it another way, new telecommunications systems necessitate

huge transmission bandwidth and dependable mobility.

Internet population (In Million)

699

Internet population in million

100 40 a2

100

20006 2007 2002 2010 2012 2013 2014 2015 2016 2017 2018 2019

Figure 1. 1: Increase in internet users [2]

These enormous bandwidth and high speed communication system requirements can only be met
by optical fiber connection, therefore the evolution of optical communication must continue to
meet the ever-increasing bandwidth demands of consumers from the backbone side[3]. These
factors have prompted the researcher to devise and test various strategies for increasing the

transmission capacity of optical terrestrial and wireless networks.
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1.2. Optical Fiber Communication System

Fiber optic communication systems were introduced into the telecommunication system
because of the growing demands for high data rates in modern communication systems, as
mentioned above. Fiber optic communication is a means of transferring light pulses over an
optical fiber to transport data from one location to another. Light is a modulated
electromagnetic carrier wave that carries information[4, 5]. The availability of a large optical
spectrum for communication is what makes optical communication appealing. Optical fiber
has mainly supplanted copper wire communications in core networks and long transmission

systems due to its benefits over electrical transmission.

1.2.1. Linear Effects in Optical Fiber Communication system

Distinct linear effects caused the majority of the signal transmission losses in optical fibers. Linear

effects include dispersion and numerous optical signal losses such as attenuation [9].

1.2.1.1. Fiber Loss
Transmission loss is defined as a decrease in the number of signal pulses or signal strength as the
signal length grows. Impurities are the primary cause of optical fiber loss in silica-based materials.
Because of infrared photon absorption, the loss rises at shorter wavelengths. Material absorption,
scattering, mode coupling, leak modes, fiber bending and design, radiation induced attenuation,
poor construction losses, inversion square law losses, transmission losses, core and cladding
losses, and radiation induced attenuation are some of the multiple sources of loss. Even while fiber
attenuation is quite low in current fiber optics (0.2dB/km), it is still a major element for linear
effect, which gradually reduces signal power and necessitates signal amplification over a certain

distance to compensate for these losses.

1.2.1.2. Fiber Dispersion
In an optical communication system, the accuracy and reliability of data transmission is influenced
not only by the performance of the optical transmitter and receiver, but also by the influence of
dispersion. Dispersion is the spreading of a light pulse as it travels along the length of an optical
cable, as seen in figure 1.2. Dispersion limits the bandwidth or information carrying capacity of a

fiber. This causes the pulse to overlap with the nearby pulses, making it difficult to precisely
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reconstruct the original signal[6]. Inter-symbol interference (ISI) is caused by dispersion, which
affects the correct assessment of optical pulse signals at the receiving end, degrades BER

performance, and even changes sent data.

Input pulse Output dispersed pulse

j\ Optical Fiber

Figure 1. 2: Effect of dispersion on an optical pulse in a fiber link [56]

The light pulse that enters a fiber is made up of numerous different wavelength light waves. As a
result, each wave passes through the medium at a different speed. The pulses become advanced
and delayed as a result of this, causing the pulse to spread. Chromatic dispersion is the name given
to this sort of dispersion[7, 8]. Single mode fiber (SMF) is dominated by polarization mode
dispersion in areas where chromatic dispersion is minimal. This occurs when waves of different

polarization propagate at different speeds, causing the pulse to spread.

1.2.2. Nonlinear Effects in Optical Fiber Communication system

Fiber nonlinearities can degrade the performance of an optical communication system. As a result,
the existence of this nonlinear effect in an optical communication system might cause
communication between two receiving locations to be disrupted. The Kerr effect and stimulated
scattering are examples of nonlinear effects generated by the intensity dependence of the refractive
index[17].

The Kerr nonlinearity occurs when the transmitted signal strength affects the refractive index in
fiber optics. The stimulated elastic scattering effect is another sort of optical fiber nonlinear

phenomenon that aids in the transfer of energy from the optical field to the medium.

Nonlinear impairments in glass might affect signal transmission quality to the desired site.
Nonlinearity is frequently confused with dispersion. Optical fiber nonlinearity effects cause
channel interaction when multiple channels are examined. These nonlinear impairments can be

mitigated with good system design.
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1.3. Optical Fiber Communication System and OFDM

So, why do optical fiber communication systems require orthogonal frequency division
multiplexing (OFDM)? To match the world's growing demand for high communication capacity,
next-generation optical fiber communication systems are expected to operate at rates of 1Tb/s and
higher, either in a single channel or multichannel configuration[9, 10]. The spectral efficiency
(SE), which is a ratio of bit rate to used bandwidth, is a metric for determining how efficiently we
are utilizing the fiber's usable spectrum. The performance of optical fiber communication systems
is degraded for two primary reasons. The first is a mishandling of a large optical spectrum that will
be used in optical fiber communication systems. That is a poor choice or a rash combination of
different approaches, such as modulation techniques, for both single and multichannel
applications. For example, if a single carrier system is modulated using the On Off Keying (OOK)

modulation scheme[11, 12], the system's SE will be about 0.2 bit/s/Hz, which is excessively low.

The second reason is the effect of multipath fading, like dispersion, as previously explained. In
Fiber optics communication systems, dispersion is a major issue that restricts the quality of the
transmitted signal's performance. It generates pulse distortion and signal widening, which
increases the bit error rate and signal deterioration. In an optical fiber link, it also restricts the
number of channels. Traditional dispersion compensation techniques, such as Dispersion
Compensating Fiber(DCF), are available. These traditional dispersion correction procedures, on
the other hand, become expensive and time-consuming as data rates increase[13, 14], and it is
difficult to accurately compensate the dispersion.

For the above two reasons and others, multi-carrier modulation like orthogonal frequency division
multiplexing (OFDM) is introduced to optical communication. OFDM is a modulation scheme
that offers a high data rate while also being resistant to multipath fading. The baseband data in
OFDM s spread across numerous carriers, resulting in a data symbol that is lengthy enough to

overcome any signal delay spread.
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1.4, Statement of the problem

One of the most important considerations in the process of realizing high-speed fiber optic
communication systems to meet users' growing demand for systems with more bandwidth and
spectral efficiency is to choose the best method and technique for reducing the influence of
chromatic dispersion in optical fiber communication links. Chromatic dispersion which consists
of both wave guide and material dispersions, is the pulse broadening that occurs in a single mode
fiber due to finite spectral width of the optical sources. Chromatic dispersion distorts signal and
degrades performance of fiber optic communication system. Both traditional dispersion
compensation techniques and optical OFDM have the ability to combat the effect of chromatic
dispersion in the optical link. But performance of these traditional dispersion compensation
techniques decreased as transmission capacity of the system increases. So in this thesis work, the
influence of chromatic dispersion on high speed fiber optic communication was analyzed using

optical OFDM and integration of optical OFDM and dispersion compensation technique.
1.5. Objectives

1.5.1. General Objective

% General objectives of this thesis is performance analysis of high speed fiber optic
communication system using optical orthogonal frequency division multiplexing (O-

OFDM) and dispersion compensation technique.
1.5.2. Specific Objectives

¢ Performance analysis of 100Gb/s, 200Gbits/s, 400Ghits/s and 1Thits/s Co-O-OFDM
systems over different propagation distances of SMF for single user

% Performance investigation of 100Gb/s, 200Gbits/s, 400Gbits/s and 1Thits/s FBG
integrated Co-O-OFDM systems over different propagation distances of SMF for single

user
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1.6. Research Contributions

This thesis work has the following contributions: -

% Selection and integration of optical OFDM and dispersion compensation technique types
which can be suited to each other in working principle so that chromatic dispersion effect
will be reduced efficiently in high speed fiber optic communication system. Chromatic
dispersion mostly occurs and worth in SMF due to variation of phase and group velocities

with wavelength, so based on this Co-O-OFDM and FBG are selected and integrated.

X/
°e

Exploring the method to enhance the capacity of fiber optic communication system or
spectral efficiency of fiber optic communication system by integrating multicarrier
modulation system (i.e. Co-O-OFDM) with advanced single carrier dual polarization
modulation (i.e. DP-16QAM) technique.

1.7. Significance of the Study

Coherent optical OFDM (Co-O-OFDM) is a new optical communications technology that
combines the benefits of both coherent and OFDM systems into a single optical fiber. The Co-O-
OFDM modulation system provides a high spectral efficiency and a wide bandwidth. Many optical
fiber barriers, such as chromatic dispersion (CD) induced by inter-symbol interference(1SI), can
be overcome with the Co-O-OFDM system (ISI). Independently, the Co-O-OFDM and FBG
methods can provide high spectrum efficiency and boost receiver sensitivity by minimizing
chromatic dispersion. Co-O-OFDM and FBG are important options for long-haul optical
communication because of their ability to counteract chromatic (CD). The relevance of this
research is that it inherits and integrates the benefits of Co-O-OFDM and FBG approaches for
reducing chromatic dispersion in high-speed fiber optic communication systems, as well as

demonstrating the novelty of the optical OFDM idea in fiber optic communication systems.
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1.8. Scope and Limitations of the thesis

In this thesis performance of high speed fiber optic communication systems were analyzed and
evaluated using Co-O-OFDM and integration of Co-O-OFDM and FBG. Here are scope and
limitations of the thesis.

e 100Gbps, 200Gbps, 400Gbps and 1Tbps capacity Co-O-OFDM and Co-O-OFDM and
FBG integrated systems were analyzed at different distances.

e DP-16QAM modulation technique was used for mapping and de-mapping of single carrier

e The performance evaluation was carried out for a single user with frequency 192.1 THz.

e Standard single mode fiber was used.

¢ Influence of fiber impairment called chromatic dispersion was analyzed in the two models.

1.9. Organization of the Study
This study is organized into six chapters as follow:

Chapter One covers the background, explanation of the problem, goals, specific objectives,
significance of the study, scope of the study, and limitations of the study. The literature review and
associated works are discussed in Chapter 2. Chapter 3 discusses methods and materials. The
mathematical and system models of Co-O-OFDM, as well as the integration of Co-O-OFDM and
FBG systems, are discussed in Chapter 4. Chapter 5 covers the setup of Co-O-OFDM parameters,
simulation, results, and discussion, as well as the use of analytical tools to integrate Co-O-OFDM
with the FBG system. The conclusion and next work recommendations are presented in Chapter
6.
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CHAPTER TWO

Literature Review

2.1. Introduction

To fulfill the increased bit rate demand in future applications, efficient usage of communication
resources is a fundamental challenge in modern communication technology. The performance of
high-speed fiber optic communication networks has been evaluated in a number of research. In
thesis work, a few articles are examined that are relevant to this work by the study's problem and

the methodology utilized in the analysis, as listed below.

2.2. Related Works

The performance analysis of RoF links with and without optical OFDM for multichannel to reduce
non-linearity impacts of the channel employed a hybrid wave division multiplexing subcarrier
multiplexing (WDMSCM-OFDM) passive optical network (PON) architecture and radio over
fiber (RoF) technology [15]. Different digital quadrature amplitude modulation techniques were
used to evaluate the network's performance. 16 QAM-OFDM outperformed 4 QAM-OFDM and
64 QAM OFDM, according to the results. Furthermore, 64 QAM-OFDM has the largest noise
ratio, with a little change in signal to ratio compared to 16 QAM-OFDM.

For the system with coherent optical OFDM, the Constellation Adjustment Method (CAM) was
suggested to compensate both chromatic and residual dispersion efficiently after compensation
[16]. Optisystem was used for 107-Gb/s single-channel transmission over 1000-km Standard
Single Mode Fiber (SSMF) with polarization division multiplexing Four Quadrature Amplitude
Multiplexing (4-QAM). In addition, simulations were run at various transmission distances. Non-
Return to Zero (NRZ) systems have a lower Min. BER and a higher Max. Q factor than OFDM

systems.

The author examined the performance study and simulation of high data rate employing direct and
coherent optical OFDM for long haul transmission in [17]. The author begins with a single user
and progresses to the implementation of a 100Gbit/s OFDM-WDM system. That is, three separate

systems were modeled utilizing direct and coherent OFDM detection with different data rates. The
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first was DD-O-OFDM, which employs a 7.5GHz frequency carrier. This system investigated
different transmission lines with a data rate of 10Gbits/s and modulation type of 16-QAM, 256
subcarriers, and 512 FFT points. It has been discovered that as the transmission length increases,
the Q-factor lowers, resulting in a lower BER value. The best BER value was 0. The second system
was a Co-O-OFDM with SMF system with a data rate of 40 Gbits/s, 16-QAM modulation, 512
subcarriers, and 1024 FFT points. The transmission line was 150 kilometers long. This system was
created and tested in order to get the best BER value of zero. WDM CO-OFDM with a 120km
SMF-DCF transmission link was the final project. The carrier wave frequencies were adjusted
from 193.05THz to 193.2THz with 50GH channel spacing, 512 subcarriers, and 1024 FFT points.

This system was created and tested in order to get the best BER value of zero.

The authors in[18] discussed OFDM transmission over optical connections using good spectral
efficiency by via high-order QAM modulation methods as a mapping mechanism before the
OFDM multicarrier representation. They suggested a nonlinear electrical equalization system
based on the Wiener-Hammerstein model to address coherent optical OFDM across long distances,
which is influenced by nonlinear distortion produced by fiber nonlinearity. The Wiener
Hammerstein model-based equalizer can dramatically minimize nonlinear distortion when
compared to other prominent linear compensation approaches like the LMS (Least Mean Square)

employed in a coherent OFDM system.

In performance investigation of 112 Gb/s PDM-QPSK and 224 Gb/s PDM-16-QAM systems,
digital signal processing (DSP) based equalization algorithms for CD and PMD compensation
were developed and optimized[19]. FDEs have been investigated and proposed as the most
efficient option for CD compensation in long-haul fiber lines with high CD levels. The results
demonstrated that a 1024-point FFT-based FDE can successfully correct for fiber CD up to 48000
ps/nm (i.e. 3000 km fiber link). Furthermore, MIMO equalization approaches for polarization DE
multiplexing, PMD, and residual CD compensation have been researched and optimized. In this
case, the update process' computational complexity is lowered by a factor of P, and the decision
directed least mean square (DD-LMS) based MIMO equalizer outperforms the constant modulus
algorithm (CMA)-QAM-based MIMO equalizer. In other words, in terms of performance and
computing complexity, the PU-DD-LMS based MIMO equalizer is the most viable solution.
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To mitigate inter-symbol interference owing to dispersion, a relative investigation of the optical
communication system using 16-QAM modulation with and without OFDM was conducted in[20].
These include optical communication system design, modeling, simulation, and comparative
performance analysis with and without OFDM for dispersion compensation. This study presents a
new tunable dispersion compensation technique based on DD-O-OFDM. For long-haul high-data-
rate transmission with high bandwidth utilization efficiency, OFDM has been shown to outperform
in high-data-rate optical communication systems. As a result, the most efficient technique for next-
generation long-haul high-capacity communication networks is integrating an optical system with
OFDM.

Authors examined the performance of a hybrid optical OFDM system with high order dispersion
compensation in[21]. This journal proposes a tunable adaptive equalizer (TAE) system at the
receiver end to recover higher-order dispersion that is not compensated by DCF. It addressed a
coherent OFDM system that used QAM modulation as a mapper and demapper, as well as a Mach-
Zehnder modulator as an optical modulator, with a 25 Gbaud rate and passed OFDM in phase and
quadrature to a low pass filter. It was demonstrated that the system may be used for both short and
long distance transmission at very high data rates by combining the advantages of Coherent OFDM
and QAM modulation. This increases system flexibility and delivers a vast coverage area for

telecommunication networks without significantly raising the system's cost and complexity.

Two model systems, one with Phase Rotation Method/Constellation Adjustment Method
(PRM/CAM) and the other without, were built to evaluate the BER performance of the system
using Coherent OFDM dual polarization[22]. The compensation of chromatic dispersion (CD) and
residual dispersion in long-haul optical fiber networks was demonstrated experimentally using
both coherent and direct-detection optical OFDM. Advanced modulation formats (Quadrature
phase keying and Quadrature amplitude modulations) were utilized in the simulations as a mapper
and de-mapper. When the same parameters were utilized throughout the studies, Co-OFDM
outperformed DDO-OFDM, according to the results. The results revealed that the model with PRM
outperformed the model without PRM. Higher modulation methods, such as 256-QAM and 512-
QAM, provide lower BER performance than QPSK and 4-QAM. The 4-QAM systems
outperformed QPSK, 256-QAM, and 512-QAM systems by a factor of 102, 10* and 107
respectively at a distance of around 1000 km.
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The superchannel polarization division multiplexed coherent optical orthogonal frequency-
division Multiplexing (PDM-Co-O-OFDM) system employing midway optical phase conjugation
(OPC) demonstrated in [23]. The system was designed to show the optimum number of sub-
carriers, amplifier spacing and the maximum achievement distance at data rate of 1Th/s (10x100
Gb/s). The system was simulated with 10-WDM superchannel at 50 GHz channel spacing. From
the simulation results, PDM-CO-OFDM, with midway OPC and the optimum system parameters,
we can achieve the maximum reachable distance of 24,000 km at BER 4x1073,

The authors presented in [24], analyzed high-capacity coherent data center interconnections
(DCls) using Pol-muxed carrier and LO-less Receiver to reduce higher complexity of receiver in
coherent links and much power consumption of the system. It presented a polarization multiplexed
carrier based self-homodyne (PMC-SH) system for DClIs that can handle faster data speeds while
using the same amount of power as a PAM-4 system. The results satisfactorily evaluate the
proposed system for a PMC-SH 16-ary quadrature amplitude modulation (16 QAM) link with a
capacity of 200 Gbs (50 Gboud). A 32 Gboud (128 Gb/s) PMC-SH 16-QAM link for a normal
single-mode fiber channel is also demonstrated. Analytically, the PMC-SH scheme produces a
drastically reduced bit rate error for a given transmission bit rate or can double the data rate for a

given electronics bandwidth (when compared with the PAM-4 system).

Selective QAM subcarrier method was proposed to release 50Gbs DD-O-OFDM transmission
after 80km without dispersion compensation fiber (DCF) based on selective subcarrier-filling
using an electronic-absorption modulator[25]. 64-QAM, 16-QAM and 4-QAM single carrier
modulation were used to fit the fading channel and improve spectral efficiency. Using selective
QAM subcarrier the power fading problem efficiently solved with 20-GHz bandwidth.

Based on dual polarization of signal in [26], author designed 100 Gb/s QAM modulated Co-O-
OFDM to increase performance of conventional Co-O-OFDM. Performance of the system is
assessed using QAM modulation format and suggested system using signal over 576 km optical
link. In dual polarization multiplexed QAM modulated Co-O-OFDM system, the influence of
dispersion is significantly compensated by post dispersion compensation technique. The spectral
efficiency of the dual polarization multiplexed QAM modulated Co-O-OFDM is better as
compared to conventional QAM modulated of Co-O-OFDM.
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In [27], the authors suggested a coherent optical system that compensates for 1Q imbalance and
estimates channel. It looks into the effects of IQ mismatch on coherent optical transmission across
a single-mode fiber on both the transmitter and receiver sides. It specifically explored alternative
frequency domain methods for concurrently compensating the 1Q mismatch and equalizing the
optical fiber channel while accounting for the influence of chromatic dispersion. When compared
to the traditional method of coherent optical OFDM, the proposed minimal mean square error

(MMSE) compensation mechanism performs better.

To reduce cost of optical amplifier in the OFDM radio over fiber system authors in [28], proposed
a system using direct detection Mach Zehnder Modulator (DD-MZM). This article addresses a 4-
QAM and 16-QAM based OFDM-RoF system with an FBG based dispersion compensator and a
direct detection Mach Zehnder Modulator (DD-MZM) capable of directly generating a single side
band (SSB) signal at transmission distances of 70 and 50 kilometers, respectively. The spectral
efficiency of a proposed system is quite impressive in the absence of optical amplifier. Although
a 16-QAM system may function at a higher data rate than a 10Gbs system, symbol defects limit

its performance.

The influence of chromatic dispersion was demonstrated experimentally and analyzed numerically
using the Co-O-OFDM system in [29]. It looked at the effects of dispersion maps on the 10.7- and
42.8-Gb/s Co-O-OFDM systems. It also looked at the system's performance at 107 Gb/s with
different dispersion compensation ratios (CR). The OFDM characteristics are as follows: 128
subcarriers with the middle 82 filled with data, four-quadrature amplitude modulation (4-QAM)
encoding, guard interval of 1/8 of the observation period, and phase estimation using four pilot
subcarriers. A Tektronix arbitrary waveform generator generates the analog signal. To create a
multi-frequency optical source, two cascaded intensity modulators were used. Each OFDM sub-
band is filled with exactly the same OFDM data. The optical OFDM signal is then sent into a
polarization diversity transmitter, which consists of a polarization splitter/combiner with one
OFDM symbol delayed on one branch. The optical signal from the recirculation loop is down-
converted using a polarization diversity coherent receiver. When comparing the inline dispersion-
compensated wavelength-division-multiplexing (WDM) systems to the non-compensated
counterpart, it was observed that the DCF loss, DCF nonlinearity impact, and dispersion map
influence are three factors to the reduction. The penalty from dispersion compensation for the data
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rate of 10.7-, 42.8-, and 107-Gb/s WDM systems, respectively, is 2.7, 2.2, and 2.8 dB at the
optimum launch power, according to simulation. That instance, for 10.7-, 42.8-, and 107-Gb/s
WDM systems, the degradation from DCF impact is 2.7, 2.2, and 2.8 dB, respectively, at the

optimum launch power.

In the presence of fiber optic dispersion, the performance of Orthogonal Frequency Division
Multiplexing (OFDM) combined with Quadrature Amplitude Modulation (QAM) has been
investigated [30]. With fiber lengths, bit rates, the number of channels, and source line-widths, the
impact of dispersion on the OFDM spectrum is explored. The dispersion-induced broadening of
the OFDM spectrum causes inter-channel interference. The system's power penalty is calculated
using a bit error rate (BER) of 1x10° for a single mode fiber operating at 1.55 pm. In comparison
to single bit transmission with the same bandwidth, the results obtained from the OFDM-QAM
system shows that the effect of dispersion is lower in the OFDM-QAM spectrum.

As we have tried to review few related works, there are many papers investigating high-speed
optical fiber communication systems and their superb robustness. However, there are gaps
observed in the usage of multicarrier modulation techniques like optical OFDM with dispersion
compensation techniques. So in this thesis work, performance of high speed fiber optic
communication will be analyzed using both optical OFDM types and dispersion compensation

technique.
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CHAPTER THREE
Optical Communication System Overview

3.1. Basic Elements of Fiber Optic Transmission System

Both electrical and optical signal sources are used to transmit the optical signal from end to end.
Transformation from the electrical to the optical domain requires the use of an optical source,
whereas conversion from the optical to the electrical domain involves the use of an optical receiver.
[31, 32]. Basic elements of Fiber optic link are Fiber, Transmitter, Receiver, Repeater and Optical

amplifier as shown below with figure 3.1.
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Figure 3. 1: Basic elements of Fiber Optic Link [5]

Optical fibers are used to transport optical signals from one location to another. Because of the
enormous bandwidth and minimal loss, high-speed signals may be sent over long distances without
the need for regeneration. An optical fiber is made up of two major layers: the core and the
cladding, which are both covered by buffer coating. Based on electromagnetic mode exists, there
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are two kinds of optical fiber[5, 33]: namely single mode fiber (SMF) and multimode fiber (MMF).
SMF has only one mode, offers the highest bit rate and most widely utilized for long-haul distances
transmission. MMF has multiple modes, hence it has higher dispersion due to multiple modes,
cheaper than SMF and mostly used in local area networks.

A light source and related electronic circuits make up an optical transmitter. The source could be
a light-emitting diode (LED) with spontaneous recombination predominant, or a semiconductor
laser diode (LD) with stimulated emission dominating[34]. Setting the source operating point,
managing light output stability, and altering the optical output in proportion to an electrically
formatted information input signal are all done with electronic circuitry. An optical source's
principal duty is to convert received electrical signals into optical forms before launching the
modulated signal into an optical cable. For stimulated emission in optical systems, therefore, a
variety of laser sources can be used[35]: Some examples are the Fabry-Perot laser (FPL),
distributed feedback (DFB) laser, and vertical-cavity surface-emitting laser (VCSEL). The
received information modulates the optical signal generated by a laser source in optical systems
before being sent via an optical cable. This can be accomplished by directly modulating the
semiconductor laser's bias current. External modulators apply the real data signal to be
communicated[28, 36]. The most popular modulators are electro-optic optical modulators, such as
Mach—Zehnder modulators (MZM), and electro-absorption modulators. The main purpose of these
modulators is to increase the transmitted optical power in the fiber when high data rates are

generated.

Output optical signal that comes from the end of an optical fiber is detected by a photodiode inside
the receiver. The photodetector's main job is to receive the optical power generated from the fiber
and transform it to electrical power in the form of electrical current. The avalanche photodiode
(APD) and the pin photodiode (PIN) are two common photodiodes. PIN has poor performance,
little internal gain, and is frequently utilized despite its low cost. APD has a high performance with

internal(avalanche) gain.

Repeater receives weak light signal from optical fiber, cleans-up, amplifies and retransmits it.
During this process first it converts optical signal to electrical signal and then it will convert
electrical signal to optical signal before retransmit. Optical Amplifier amplifies light in fiber

without conversion of signal forms.
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3.2. Dispersion and its Compensation Techniques

Optical fiber communication system performance can be harmed for a variety of causes.
Dispersion, which is described as pulse spreading in an optical cable, is one of the reasons. The
spreading of a light pulse as it moves through a fiber is influenced by numerical aperture, core

diameter, refractive index profile, wavelength, and laser linewidth[6].

Intersymbol Interference(ISI) is the total influence of dispersion on the performance of a fiber
optic system. When dispersion causes the output pulses of a system to overlap and become
undetected, this is known as intersymbol interference(ISI) [37]. Dispersion is generally divided
into three categories: modal dispersion, chromatic dispersion and polarization mode dispersion.

The time delay between lower-order and higher-order modes causes modal dispersion, which is
characterized as pulse spreading[38]. In multimode fiber, modal dispersion is a problem that limits
bandwidth. Because the index of refraction of glass fiber is a wavelength-dependent parameter,
chromatic dispersion (CD) is defined as pulses spreading owing to different wavelengths of light
pulses travelling at somewhat different velocities through the fiber[7, 39]. Material dispersion and
waveguide dispersion are the two components of chromatic dispersion. The changing of the
refractive index of the core material of a fiber with the change of the optical wavelength causes
material dispersion. Another type of chromatic dispersion is waveguide dispersion. The diameter
of the fiber core determines waveguide dispersion, which causes signals of different wavelengths
to travel at different speeds, spreading the pulse and causing it to overlap with surrounding pulses.
Waveguide dispersion is not a large problem in a simple step-index profile fiber, but it can be
substantial in fibers with more complex index profiles. This thesis study will go over chromatic
dispersion in great detail. Polarization Mode Dispersion (PMD) is caused by birefringence along
the fiber's length, which causes different polarization modes to travel at different speeds, resulting
in polarization orientation rotation along the fiber[40] .

Dispersion is a major stumbling block in long-haul transmission systems that require higher speeds
to increase transmission distance while ensuring quality. Replacing all of the existing optical wires
with new ones is one of the finest ways to speed up optical communication networks. However,
this is not a financially viable option. As a result, there must be another way to compensate for
dispersion in fiber cables that have already been installed. The most crucial component required

in an optical fiber communication system is dispersion compensation, which compensates for the
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spreading of optical or light pulses. The following are the most often used classic dispersion

compensating techniques: [20, 41]:
Dispersion Compensation Fibers (DCF)

A DCEF is a fiber loop with negative dispersion equal to the transmitting fiber's dispersion. It can
be placed between two optical amplifiers at either the beginning (pre-compensation techniques) or
the end (post-compensation techniques). However, it results in significant footprint and insertion

losses.
Electronics Dispersion Compensation (EDC)

EDC employs electronic equalization techniques. Linear distortions in the optical domain, such as
chromatic dispersion, are transformed into non-linear distortions following optical-to-electrical
conversion since there is direct detection at the receiver[42]. The concept of nonlinear cancellation
and nonlinear channel modeling was developed for this purpose. Feed forward equalizer (FFE)
and decision feedback equalizer (DFE) structures are primarily utilized for this. Because it slows

down the digital to analog transfer, EDC slows down communication.
Fiber Bragg Grating (FBG)

Fiber Bragg Grating (FBG) has lately found a useful application in long-haul communication to
compensate for dispersion-broadening. FBG is a tiny all-fiber passive device with minimal
insertion loss that can be easily modified and is compatible with the transmission system[43]. For
best performance, FBG should be placed in-line. Because of its advantages, such as a small
footprint, low insertion loss, dispersion slope compensation, and minor non-linear effects, this

approach is favored. However, the architectures that use FBG are complicated.
Digital Signal Processing (DSP)

The chromatic dispersion can be compensated using DSP. For wavelength division multiplexed
systems, they provide fixed and adjustable dispersion compensation[41]. For fiber dispersion
compensation, lossless all-pass optical filters are commonly utilized, as they may approximate any
required phase response while preserving a constant, unity amplitude response. Bandpass filters,
Gaussian filters, Super-Gaussian filters, Butterworth filters, and microwave photonic filters are

some of the other filters utilized for dispersion compensation.
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As data rates increase to 1Tbps and beyond, however, existing optical fiber dispersion
compensation techniques become more expensive and time-consuming, making it difficult to
compensate for dispersion accurately. Other ways must exist in which bitrates are kept low enough
to ensure that pulses are spaced further apart and therefore larger dispersion can be tolerated. In
optical communication systems, another form of dispersion compensation is to use advanced
multicarrier modulation techniques like OFDM [13, 44, 45]. Complex operations in the frequency
domain can be done due to the superior computational features of optical frequency division
multiplexing (OFDM). Because the dispersion of optical fibers is adequately adjusted, OFDM

technology, especially optical OFDM, is believed to be employed in optical communication

3.3. Fundamentals of OFDM and Optical OFDM
3.3.1. OFDM Blocks

As shown in figure 3.3, the OFDM system is comprised of two parts: a transmitter and a receiver.
This section illustrates and discusses the transmitter and receiver, which are made up of a variety

of sub-blocks. Let us have description of basic OFDM as follow and assume data with rate R.
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Figure 3. 2: OFDM Basic Block Diagram [55]
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Serial to Parallel (S/P) and Parallel to Serial (P/S) Conversions

With a serial to parallel converter, a bit sequence with rate R is parallelized into N distinct
subcarriers, each with its own frequency. At a rate of R/N, the whole bitrate is divided evenly
among the channels. Each channel's data will be modulated to an information symbol before being
multiplied by the frequency associated with that symbol. One OFDM symbol will be formed by
adding these parallel information symbols[46, 47]. As a result, the time period of each OFDM
symbol is N/R. As a result, the time domain OFDM signal s(t) can be represented as the sum of

each information symbol Cix being carried in the k™ subcarrier within the i OFDM symbol [46].
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Figure 3. 3: Summation of information symbols [46]
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where C,;is the k™ subcarrier’s i information symbol, S, is k" subcarrier’s waveform , N, is
the number of subcarriers, f, is subcarrier’s frequency and T is the symbol period, H(t) is the

pulse shaping function of duration T,. The OFDM symbol is multiplied by a square pulse in

expression (3.1), which is one for a second period and zero otherwise. The square pulse's amplitude
spectrum has the form sinc(fs), with zeros for all frequencies f that are an integer multiple of 1/Ts.
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Then, an OFDM symbol spectrum is made up of overlapping sinc functions, each one representing

a subcarrier, with all other subcarriers having zeros at the frequency of the k™ subcarrier 1/Ts.

A filter or a correlator that matches the subcarrier waveform could be used to create the best
detector for each subcarrier. As a result, the received information symbol Cy; at the correlator

output is represented by
1% 1%
C,=—|rt—iT)S,dt==—|r(t—iT,)e'*""dt
(=g reim)sdt== [re-iT) y

where r(t) is the detected time-domain signal. The orthogonality is derived from a straightforward

correlation between any two subcarriers, which is given by [46]:
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The two subcarriers are orthogonal to each other if the following condition is met, as shown by the
preceding correlation formula.

f-f = ml 3.7

TS

This means that, despite considerable signal spectral overlapping, these orthogonal subcarrier sets
with frequencies separated at multiples of the inverse of the symbol rate may be retrieved with the
matched filters without inter-carrier interference (ICI). The reciprocal baud rate 1/R determines
the symbol period in single carrier systems. Because the symbol period in multicarrier systems
like OFDM is N times longer, the influence of channel dispersion is often lower, and inter-symbol
interference (1SI) is reduced. Furthermore, as shown in the following section, ISI can be nearly
reduced by including a guard period in each OFDM symbol, ensuring that the majority of the

dispersion generated by a multipath channel is contained inside the guard interval.
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Mapping and DE mapping

The signal source’s binary bits stream must be divided into many parallel data streams, each of
which must be mapped or modulated into respective information symbols for the subcarriers in
one OFDM symbol. Optical communication used to rely on the basic modulation technique On
Off Keying (OOK), which is the optical equivalent of Amplitude shift Keying[48]. This technique
utilizes more optical frequency grid bandwidth and requires mature electronics technology capable
of operating at such a high rate. The alternative is to employ modern multi-level modulation
techniques, which allow us to transmit more bits per symbol. We can reduce the symbol rate while
preserving the same throughput using this strategy. As a result, optical transmission systems now
use multi-level modulation techniques. Multi-level modulation encapsulates multiple bits in a
single symbol. This reduces the system's symbol rate at the cost of higher transmitter and receiver
complexity [49]. QPSK, DQPSK, 3ASK, and Mary QAM are just a few examples. Polarization
division multiplexing is a new technology that was launched alongside multi-level modulation.
Two signals that have already been modulated with multi-level modulation are placed in
orthogonal polarization to each other, multiplexed, and delivered as a single entity using this
technology. The system's capacity is doubled while the symbol rate and bandwidth remain same.
Some examples of such a scenario are dual polarization QPSK (DP-QPSK) and DP-16QAM [50-
52]. The DP-16QAM modulation is used to map bits into information symbols in one OFDM
symbol in this thesis study.
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Figure 3. 5: Constellation mapping of DP-16QAM [56]
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So, let's have a look at how this multilayer modulation approach maps each parallel bit.

QAM
16QAM modulator

Polarization
= Combiner
@ — N
Polarization
CW Laser Splitter m

Figure 3. 6: General Architecture of DP-16QAM|[63]
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To clarify clearly, let us see general architecture of DP-16QAM depicted in figure 3.6 above. It is
known that 16QAM is an M-ary technique where M =16 i.e. the input data are transferred on in
groups of four (2* = 16). In QAM modulation, the carrier's phase and amplitude are both varied,

unlike QPSK where only the phase of the carrier is varied[63].
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Figure 3. 7: 16QAM Modulator[63]

As illustrated in figure 3.7, the Serial to Parallel Converter divides the input data into a subset of
quadbit each consisting of four bits. Then Serial to Parallel Converter produces one quadbit in
parallel at each of its four outputs after four bits have been serially moved into its buffer. Each
quadbit is made up of two dibits, the most significant dibit (MSD) and the least significant dibit
(LSD). The MSD is then sent to the modulator's I-channel, whereas the LSD is sent to the

modulator's Q-channel. Both I and Q channels work independently to process the data they receive.
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The 2 to 4 Level Converter is a device that converts two levels into four levels. Each channel turns
the dibit stream into a four-level (baseband) pulse stream that can be used as a single input to one
of the mixers. Each of the four levels corresponds to a different dibit. As stated in tables 3.1 and
3.2, the four levels employed are equivalent to -3, -1, +1, and +3. As a result, the constellation
points are distributed evenly. Each mixer modulates the sinusoidal carrier by multiplying it by the

four-level data signal.

As a result, the mixer output signal is a bi-phase, bi-level sinusoidal waveform. The QAM signal
is created by adding the two bi-phase, bi-level signals together. As a result of the usage of
orthogonal carriers (in phase quadrature) to generate two bi-phase, bi-level signals, the signals
themselves are orthogonal, and the QAM demodulator will be able to demodulate them

individually.
Dibits Output
00 -1
01 -3
10 +1
11 +3
Table 3. 1: Dibit to Pulse Level Mapping.

Quad bits Amplitude and Phase Quad bits Amplitude and Phase
0000 V2 —135° 1000 V2 135°
0001 V2 —165° 1001 V2 165°
0010 V2 —450 1010 V2 450
0011 V10 —15° 1011 V10 15°
0100 V10 —105° 1100 Y10 105°
0101 3v2 —135° 1101 3v2 135°
0110 V10 —75° 1110 V10 75°
0111 3V2 —45° 1111 3v2 45°

Table 3. 2: Mapping of Quad bits to Amplitude and phase for either Q or | channel.
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For example, a quad bit 0000 is the input to modulator then the inputs for I channel product mixer

will be —1 and Acos(27 f_t)

I=-Acos(2nf,t)

Similarly for Q channel —1 and Asin(2r f t)

Q =—Asin(2x f_t)

The final output QAM signal will be the summation of I and Q channels’ signals.

I+Q=-Acos(2nf_t)-Asin(2nf t)

Using Trigonometric identity this can be written as

I+Q:\/§Acos(2nfct-§n)

In the most general sense, the output QAM signal can be represented by [63]:

S, (t)=Ag(t)cos(2zft+8,)

where g(t) is a pulse-shaping function.
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Figure 3. 8: 16QAM Demodualtor[63]
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As shown in figure 3.8, the QAM demodulation process is done with two mixers and two carrier
signals in phase and quadrature. Because the I and Q-channel signals that were mixed in the
modulator are orthogonal, the demodulator can demodulate them independently. The following
equation can be used to represent an idealized and received QAM waveform[63]:

s(t)=d,cos(2nf t)+d,sin(2nf,t) 3.13

Where s(t) is the QAM signal waveform, d| is the I-channel four level pulse stream and ¢ is
Q
the Q-channel four level pulse stream. The I-channel component of this waveform is multiplied by

the in-phase carrier C0S(27 f.t) as shown below

s, ()=[d,cos(2nf t)+d sin(2xf, t)|cos(2nf t) 3.14
s, (t) =d, (cos(2x f 1))* + do sin(2z 1) cos(2z f 1) 3.15
s, () = %[dl +d, cos(2(2x1.)) +d,d, sin(2(27 £.1)] 316
s, (t) = %[dI +d, cos(4r ft)+d dgsin(4xft)] 3.17

The output of the I-channel mixer is an analog signal including four level data pulses d, and high-
frequency components d, C0S(47 f_t) and d,d, sin(4zf 1), as shown in the last equation. The

four-level data pulses dQ and high frequency components are also included in the Q-channel

mixer's output. The high-frequency components are removed by the LPF, leaving only the data

pulses.

The detection circuit must sample these signals once every symbol period and then decide which
state each sample represents because the integrated signal in each channel is a time-varying analog
signal. To determine what levels each sampled level represents, the decision circuit compares it to
three thresholds. This circuit produces a stream of bipolar data pulses with fixed amplitudes. This

signal is converted to a digital signal via the 4 to 2 level Converter circuit. Each channel's dibits
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are combined into a serial stream of data bits via the Parallel to Serial Converter. This data is

identical if no errors occur during the modulation, transmission, and demodulation processes.
Fast Fourier Transform(FFT) and Inverse Fast Fourier Transform(IFFT)

The inverse fast Fourier transform (IFFT) is commonly used to superimpose independent
modulated subcarriers, when the input channels are separated equivalently according to the
orthogonality criterion. Because of the orthogonality condition, the OFDM receiver will calculate
the spectrum values at those positions corresponding to the maximum of individuals' subcarriers

as long as the channel is linear. Equation 1.1 can be rewritten as follow for one OFDM symbol[46]:
N-1 H
~ ; I
S(t):ZAieprZﬂ?t,OStST 318
i=0
Equation 3.18 is the complex form of OFDM baseband signal.

When we sample the complex signal at a rate of N/T and apply a normalization factor of 1/N, we
get

N .
n Z%ZA,exp(jZHﬁn),n:O,l,Z,...,N—1 3.19
i=0

Where S is the n" time domain sample. This is exactly how the inverse discrete Fourier transform
(IDFT) is expressed. It means that IDFT can implement the OFDM baseband signal. The IDFT
output is in the time domain, whereas the pre-coded signals are in the frequency domain. Similarly,

the data is retrieved at the receiver using the discrete Fourier transform (DFT), which is provided

by:

ZR exp(— 127z—n)n 0,4,2,..,N -1 3.20

i=0

where R, is the received sampled signal, and Ai is received information symbol for the i"

subcarrier.

The received subcarriers may then be demodulated without interference using an FFT operation,

eliminating the requirement for analogue filtering to separate them, making OFDM not only
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effective but also simple to implement in real-world transmission systems. As a result, the
modulated OFDM signal can be generated by applying the IFFT operation to the symbols to
transmit and then converting the digital signal into an analogue signal at sampling rate T using a
DAC. Every temporal sample should be convolved by a sinc function in this D/A conversion. As
seen in figure 3.9 below, this ideal shaping is converted into a completely rectangular filter that

removes alias in the frequency domain.

A

Transfer function G(f)

f
< - fn >

Figure 3. 9: Ideal filter at the DAC[64]

The alias caused by the sampling process will be removed by this ideal Filter, leaving the basic
signal unaltered. The contribution of the distinct sinc pulses at each of the OFDM symbol samples
results in a perfect square pulse of the OFDM symbol, and each of the subcarriers is represented
in the frequency domain by a perfect sinc function. Similarly, the subcarriers forming the received
signal r(t) are demodulated by an FFT operation after being transformed from analog to digital
(A/D) and parallelized to generate the FFT block inputs.

D/A and A/D conversion

To convert the discrete value of (sample) to the continuous value of S(t), a digital-to-analogue
converter (DAC) is required, and an analogue-to-digital converter (ADC) is required to convert
the continuous received signal r(t) to discrete sample. Pulse shaping and oversampling with zero

padding are the two major processes done in D/A and A/D conversion.

Pulse Shaping: - Symbols are applied to a transmitter filter inside the DAC, which results in a
continuous-time signal that can be transmitted across the continuous-time channel[53]. A simple
transmit filter has a rectangular impulse response, as illustrated in figure 3.10, which also
represents a symbol sequence with two bits per symbol and its accompanying continuous-time

signal.
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Figure 3. 10: Rectangular Impulse Response[64]

The pulse shape refers to the transmit filter's impulse response g(t). This filter's output is a
convolution of the pulse shape with the symbol sequence, resulting in a signal that can be
understood as a series of possibly overlapped pulses, each with a different amplitude defined by a
symbol. There is no ISI in an ideal low-pass filter since the impulse response is a sinc function
with equidistant zero-crossing at the sampling instants. This ideal filter, however, is not attainable.
A increased cosine characteristic fitted to the ideal low-pass filter, which is a frequent pulse shape

in OFDM, provides a feasible extension.

Oversampling by means of zero padding: - The DAC must sample the OFDM signal representing
the analogue signal before it can be transmitted. The aliases produced by the sampling process
would be right adjacent to the primary OFDM signal if they were sampled at a rate of Tis making
any reasonable filter impossible to separate them. However, as illustrated in figure 3.11, padding

the right position of the IFFT input sequence with zeros can help to shift the aliases away from the
OFDM signal.
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Figure 3. 11: Oversampling used to shift aliases away[64].
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Cyclic Prefix

By dividing the data stream into N subcarriers, the symbol period is extended by N times, while
the delay spread or chromatic dispersion relative to the symbol time is reduced, as stated in the
previous section. After the IFFT, a guard time or interval is inserted for each OFDM symbol, which
is cyclically extended inside this guard time, to reduce interference between OFDM symbols
(meaning degrade influence of ISI) and also to diminish ICI. The cyclic prefix [46, 47, 54], is the

name for this cyclical extension.

T, OFDM Symbol Period

t;, Observation Period

—_——— =YL

-

\A G, Guard Interval

Identical Copy

Figure 3. 12: CP insertion [46]

The influence of one symbol on its neighbors will be restricted to its cycle prefix corruption,
without destroying the information, as long as the cyclic prefix time period or duration is equal to
or longer than the maximum delay induced by channel impairments. The zero padding and cyclic

prefix are removed at the receiver end in the reverse order that they were put at the transmitter.
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3.3.3. Optical OFDM (O-OFDM)

The O-OFDM principle is identical to that of OFDM. The sole change is that the signal is
transformed from an electrical domain to an optical domain. The structure block diagram of the
O-OFDM system is presented in figure 3.13. Both the electrical OFDM baseband transmitter and
receiver blocks are already discussed in the previous sections. Here under additional blocks: RF
up and down conversion, optical modulation, the channel or fiber and optical detection are
discussed. Up conversion and optical modulation are required to transfer this generated electrical

signal across an optical channel[10, 46].
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Figure 3.13: Basic Block Diagram of Optical OFDM [14]

In general, based on methods used to detect optical signal in the receiver side there are two
scenarios of optical OFDMs [17, 27, 45]. The first scenario is direct-detection optical OFDM (DD-
O-OFDM), which uses a single photodiode, and the second is coherent optical OFDM (Co-O-
OFDM), which uses the principle of optical mixing with a local oscillator and an optical hybrid.
Both methods have their merits. Although the DD-O-OFDM receiver is simple, some optical
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frequencies must be left empty or guard band inserted between optical carrier and OFDM
subcarrier to avoid undesirable mixing products causing interference [55]. However, using it that
way possibly reduces the spectral efficiency. DD-O-OFDM also requires more transmitted optical
power, as some power is required for the transmitted carrier. Because OFDM is sensitive to
frequency offset and phase noise, Co-O-OFDM involves the use of very tiny linewidth lasers at
the transmitter and receiver, as well as advanced tracking algorithms to track laser frequency and

phase.

3.3.3.1. Up conversion and Down conversion

As shown in Figure 3.14, the up conversion approach converts the complex baseband OFDM
signal s(t) generated with QAM subcarrier modulation into a passband signal centered at an
intermediate frequency (IF). The frequency up conversion is done to establish a gap between the
OFDM signal and the DC component, allowing the electrical spectrum to avoid the issues caused
by the usage of analogue mixers and oscillators. After the IFFT operation, the real and imaginary
components of the signal are processed by the two DACs.

cos2mfet)

Real l
= DAC  [—(Go—

Serial
~ll suo ®
t Optical
Parallel g G: : Modulation
- DAC —®—
-sin(27wtfct)

Figure 3.14: Up conversion block[64]

The signal's real and imaginary sections, which correspond to the signal's in-phase (I) and
quadrature (Q) components, are then fed into an electrical 1Q mixer for up conversion to an IF, f.

For this reason, a 90° phase shift is provided between the locally generated carrier at IF frequency
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that multiplies the in-phase component and the one multiplying the quadrature component.
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Figure 3.15: Down conversion block[64]

Another 1Q mixer with the opposite function down converts the signal at the receiver, reverting
the OFDM signal to baseband before extracting the CP and conducting the FFT procedure.

3.3.3.2. Optical Modulation

Optical modulation is necessary to transmit the signal generated in the RF up conversion stage
across an optical channel [13, 28, 47]. Many various strategies could be used for this aim, but only
two have been chosen for discussion. These are the directly modulated laser and the Mach Zehnder

modulator, which is an external modulator (MZM).

3.3.3.2.1. Conventional Intensity Modulated / Direct Detection systems
As shown in figure 3.16, a laser diode is directly modulated by an electrical signal using its bias

current. That means in direct modulation, the laser emits light when 1 is being transmitted and
emits no light when 0 is being transmitted as [56]. This is the simplest way for sending data across
optical fiber, as it relies on creating fluctuations in the bias current of a diode laser above a

predetermined threshold.

Bias — — —
current
- T B4 0
Electrical o—l L L

infornmation
signal s(t) ,h

Electrical signal Optical signal
E/O )

Figure 3. 16: Intensity Modulation/Direct Detection[56]

Performance Analysis of High Speed Fiber Optic Communication with Optical OFDM and Dispersion Compensation Technique 32




The current variations (1,,,) cause proportional variations in the output optical power, which are
detected by a PIN diode at the receiver end, allowing the supplied information signal s(t) to be

recovered, as follows[56]:

Pout =P (1+m.5(1)) 3.21

Where P, is the power associated to the laser bias and m is the used modulation index, which is

also related to the laser bias current as:
m=-= 3.22
Finally, given an ideal channel, the total received intensity is a function of the PIN diode's
responsivity R and the varied gains of the reception amplifier devices (G):
I ()=RGP, (1+m.s(t)) 3.23
The direct detection process is mathematically equivalent to applying the squared modulus:
1) o< [s(O)I° 3.24

The low-pass equivalent of the electrical field being transferred on the fiber can be calculated using

the optical power at the laser output and the square root:

E ou (0=1/Py J/I+m.s(t) 3.25
3.3.3.2.2. Mach-Zehnder (MZ) modulator

The Mach-Zehnder modulator is external optical modulator which uses electro-optic effect. It
consists of two 3 dB couplers which are constructed by two waveguides of identical length.

The applied voltage in each arm can be used to vary the refractive index in each waveguide branch
and hence speed of light in that branch.

The light traveling at different arm will be in phase and out of phase depending on applied voltage

i.e. it will be added constructively or destructively at the output.
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Figure 3. 17: MZ Modulator[65]

In Figure 3.17 above, the electric field of the light can be modulated changing applied external
voltage which in turn alters the refractive index of the material LiNbO3 by electro-optic effect. If
no voltage is applied, the optical fields in the two arms will have identical phase shift and interfere
in a constructive manner. If an external voltage is applied, the phase shift in the two arms is no

longer identical.

So, we can modulate output light using applied voltage as input for the modulator. By controlling
one of the arms of the modulator by using the baseband signal we can modulate the incoming light
to the MZ modulator.

Vr is defined as a voltage that changes the refractive index of the lower arm of the MZ modulator
in such a way that there is a 180° delay or phase shift compared to the unaffected path. This makes
previously identical signals to be out of phase and their combination at the output will be

destructive interference.

When the light propagates through MZM, the phase shift (¢ )can be approximated as [30]

4=y

3.26

Where ¢o isunshifted phase
v(t) isvoltage on anarm

V. isvoltage tha cause m phase shift
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If vi(t) and v,(t) are applied in both arms of the MZ modulator the phase shift on each arm will
be

v, ()

A=dy-7 Y and 3.27
Vv, (t
b, =y-7r 22\5 ) 3.28

If we assume that the input to the modulator is E;,(¢) = \/p.e/“° and ¢, = 21

Then P = P, + P, where \/Fl and \/Fz are amplitudes of optical fields in each arm of the Mach-

Zehnder interferometer. w, denotes the frequency of an optical signals.

We define the extinction ratio g5 as the ratio between the maxima and minima output powers.

=B
" OJR-R

If our system has P; = P, it is called infinite extinction ratio system and for this system we can

3.29

calculate output electric field using the formula

E,.. ()=+/P cos(xz %)ej%t 3.30

T

3.3.3.3. Optical Channel: Chromatic Dispersion

Chromatic dispersion can occur in any type of optical fiber and is caused by the optical source's
finite spectral linewidth. There may be propagation delay differences between the different spectral
components of the transmitted signal since optical sources emit a variety of frequencies. This
creates chromatic dispersion by expanding each transmitted mode [31, 57]. The delay
discrepancies could be due to the waveguide material's dispersive qualities (material dispersion)

as well as guidance effects inside the fiber structure (waveguide dispersion).
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3.3.3.3.1. Material Dispersion

The varying group velocities of the several spectrum components delivered into the fiber from the
optical source cause pulse widening owing to material dispersion. Material dispersion occurs when
the phase velocity of a plane wave moving through a dielectric medium fluctuates nonlinearly with

wavelength, i.e. when the second differential of the refractive index with respect to wavelength is

not zero (62n/8/12 #0). The group delay T, in the optical fiber, which is the reciprocal of the

group velocity V. can be used to calculate the pulse spread owing to material dispersion. As a

result, the group delay is given by [57]:
0 1 on
I

where n is the refractive index of the core material. In a fiber of length L, the pulse delay due to

material dispersion is thus:
op L on
Tm:_:_Lnl_ —1] 3.32

The rms pulse broadening due to material dispersion o, may be determined by expanding Eq.

(3.33) in a Taylor series around for a source with rms spectral width ¢, and a mean wavelength
of A where:
20%t

0
0,0, u to, —— ... 3.33
oA oA

Because the first part in Eq. (3.33) frequently dominates, especially for sources operating in the

0.8 to 0.9 nm wavelength range, the equation can be written as follows:

On =0, 3.34

oA

Hence the pulse spread may be evaluated by considering the dependence of T,, on A, where from

Eq. (3.31):
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ot _L_?{@nl o%n, anl}__mazn1

— T — 3.35
O\ c| oA 0% oA c 0A°
As a result, the rms pulse broadening owing to material dispersion may be calculated by
replacing the expression derived in Eq. (3.34) into Eq. (3.33):
or, o,L|, on |
c,=0, —*+= A 3.36
“oa ¢ | oA
Therefore, optical fiber material dispersion is sometimes expressed as:
= o 3.37
"loA? '

3.3.3.3.2. Waveguide Dispersion

Chromatic dispersion can be caused by the fiber's wave guiding. The difference in group velocity
with wavelength for a given mode causes this. When using the ray theory technique, it is
comparable to the angle between the ray and the fiber axis changing with wavelength, resulting in
a variation in the rays' transmission times, and hence dispersion. When the propagation constant

of a single mode is 6°B/dA% %0 | the fiber shows waveguide dispersion. Waveguide dispersion
is almost non-existent in multimode fibers, as the bulk of modes propagate far from cutoff, and it
is often minimal when compared to material dispersion. Waveguide dispersion can be significant
in single-mode fibers because the effects of the various dispersion mechanisms are difficult to
distinguish. It can be stated mathematically as follows [57]:

_nAA
c

o°B|
042

D, = 298
o1?|

w

3.38

So chromatic dispersion of optical fiber is the combination of both material and waveguide

dispersions.

D,=D, +D, 3.39
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3.3.3.4. Optical Detection

Depending on the detection mechanism utilized at the receiver, optical detection is divided into
two types. Direct detection and coherent detection are the two kinds, each with its own set of
advantages and limitations. Direct detection has shown to be more cost-effective than coherent
detection since it requires fewer components at the transmitter and receiver. When compared to
Direct detection, Coherent detection has a higher spectral efficiency and better receiver sensitivity,
but it is negative when it comes to complexity and expense. Direct detection, on the other hand, is
a good choice for applications that require low cost and complexity by avoiding the use of a local
oscillator laser, but coherent detection is a good choice when high receiver sensitivity is required.
The use of an in-phase, quadrature component, and local oscillator at the receiver for creating
electrical signals is the fundamental distinction between a direct detection system and a coherent

detection system.
3.3.3.4.1. Direct Detection

In optical fiber technology, direct detection is the earliest sort of detecting technique. Intensity
modulation direct detection (IM/DD) is the most common name for this technique. After being
produced at the transmitter, OFDM signals are transferred to the optical domain, i.e. electrical to
optical conversion (E/O), via intensity modulation. Optical to electrical conversion (O/E) is
conducted at the receiver after optical transmission through fiber using a photo diode for photo-

detection. This uses the square law detection technique and is followed by OFDM reception[55].

OFDM Intensity Optical \}\ * LPF | OFDM
Transmitter Modulation Transmission Receiver

Figure 3.18: Intensity Modulation Direct Detection(IM/DD) [65]

Received signal with photo detection can be described mathematically as equation (3.41) [65],

E..(D=IE, (O ®h, (O+w(t) 341
E,, (D=e!@ut"Avg(1) 3.42

where E,;(t) represents output electrical signal, Ey,(t) represents input optical signal, h,(t)

represents impulse response of fiber link and w(t) represents noise. The input optical signal E, (t)
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can be described as eq. (3.42), where w;; and ®,; represent the frequency and phase of the

transmitter laser, and s(t) represents the output OFDM signal.

3.3.3.4.2. Coherent Detection

Coherent detection is a sophisticated detection method in which the receiver calculates decision
variables based on the retrieval of the total electric field, including amplitude and phase
information. Because information can be encoded in amplitude and phase, or alternatively in both
in phase (1) and quadrature (Q) components of a carrier, coherent detection gives us the most
freedom in modulation forms[22, 55]. As shown in figure 3.19, the received signal is fed to one

arm of the hybrid coupler, while the other input to the hybrid is the signal from the local oscillator.

Faalt) Eo1(t)

E;>(t) E > (t)

Figure 3. 19: Hybrid Coupler[65]

Based on the frequency generated by the local oscillator, coherent detection can be classed as either
heterodyne or homodyne detection. When the local oscillator's frequency equals that of the
incoming signal, homodyne detection occurs, but heterodyne detection happens when the local
oscillator's frequency does not match that of the incoming signal. In the heterodyne approach, an
optical hybrid is used to directly down convert the optical signal to the baseband for obtaining the
I/Q components of the signal, whereas in the homodyne approach, an optical hybrid is used to
directly down convert the optical signal to the baseband for obtaining the 1/Q components of the
signal using an electrical In-phase/Quadrature (1/Q) demodulator to retrieve the real and imaginary

components.

Coherent detection reduces the effect of noise by recovering in-phase (I) and quadrature phase (Q)
parts at the receiver [55, 58, 59]. For I/Q optical to electrical conversion, coherent detection
employs balanced coherent detectors, an optical hybrid, and two sets of photo-detectors. The
photodetector detects the hybrid's output, which is subsequently passed to the digital receiver,

where the digital signal is recovered.

Performance Analysis of High Speed Fiber Optic Communication with Optical OFDM and Dispersion Compensation Technique

39



CHAPTER FOUR

System Model and Mathematical Formulation

Here there are two general system models, namely system model of high speed fiber optic
communication with Co-O-OFDM and system model of high speed optical fiber communication

using integration of Co-O-OFDM with FBG as dispersion compensation technique.

4.1. Coherent Optical OFDM (Co-O-OFDM) System

The general block diagram of high speed fiber optic communication with Optical OFDM s
depicted in figure 4.1 below. For the purpose of simplification and detail description this model
divided into parts as Co-O-OFDM transmitter model, transmission link model and optical Co-O-

OFDM receiver model.

Transmitter Receiver
Input Bit_ DP-16QAM > OFDM o Fiber- Dual peolarization OFDM DP-16QAM Olll'pul' Bit
Sequence Modulator Transmitter optic link Coherent Receiver » Demodulation Demodulator —Sequence

Figure 4. 1: General Block Diagram of high speed optical fiber communication with Co-O-
OFDM

4.1.1. DP-16QAM Co-O-OFDM Transmitter

As shown in the following block diagram, the serial to parallel converter groups the incoming bits
and buffer into two 16QAM modulators which each maps those bits into QAM signals to
corresponding M-ary symbols as discussed in previous section.

———— Optical Field
—  Eletrical Field
— Bit Stream

Input Bit

Sequence
——] = ]

Modulated
optical signal

S
3,

OFDM
modulation

Figure 4. 2: DP-16-QAM Co-O-OFDM transmitter [61]
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This QAM symbol can be represented as follow[63]:
X,t)=Ag()cos(2zft+6,)
4.1

where g(t) is a pulse-shaping function.

The OFDM modulation component performs numerous operations such as S/P conversion, inverse
fast Fourier transform (IFFT), addition of cyclic prefix, P/S conversion, digital to analog
conversion, and filtering, as explained in the previous section. As a result, the following is the

representation of a base band OFDM signal[46]:
N

o0 2 ]
Sas(t) = D D a8/ s, (t-iT,)

i=—o0 Ny

2

4.2

In each in phase and quadrature modulator(IQM), the OFDM electrical signal modulates the
optical signal. Before being applied to MZM, this signal is up converted into an intermediate
frequency signal. To make computations easier, the remaining analysis is done for only one

symbol period. As a result, the up converted signal can be expressed as follows for only one

symbol period:

Sup (1) = Re(Sgp (). COS(@ret) — IM(Spp (1))-SiN(wet) 43
S, ()= ZZ: [a,cos(NAwt+f, ).cos(wget)-a,sin(nAwt+f, ).sin(mgt)]

n=-—=¢t

2 4.4

NC

2
S, (t) = Z;I [a, cos(NAwt + @, + wqet)] 45
=%

If the up-converted signal is optically modulated by a carrier utilizing dual drive MZM, the
optical signal will be as shown in Equations 4.6 through 4.8 mathematically.
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Sy (1) = (1+ S, (1))-cos(e,t) 4.6

Ns,
Sep(t) =| cos(a,t) + ZZ: [a, cos(NAwt + @, + wqt).cos(w,t)] 47
nszZSC
Nge
S, (1) = Cos(e) + iN a—zn[cos((a)o+a)RF)t+nAa)t+¢n)+cos((a)o—a)RF)t—nAa)t—(/}n)] 48

N=—_isc

~|

4.1.2. Fiber link Model: The Channel

Chromatic dispersion (CD), as stated in the earlier discussion, is a phase shift caused by a
frequency and fiber length dependent distortion. CD can be viewed mathematically as a transfer

function of the fiber media given by the following formula [57].

2B (22 (Ffer L

H(f)=e 4.9

Where, B2 is the second derivative of B with respect to  (see Equation 4.10), f refers to the optical
carrier; frer is a reference frequency setting the time origin; and L is the fiber link length. The CD
characteristic of the fiber, as seen in Equation 4.10, determines the parameter > where c is the

vacuum speed of light and D is the fiber dispersion parameter.

d 2[3
B,= ﬁ 4.10
C
= D
P 27l > 411

By replacing $2 in equation 4.9, a medium transfer function is generated (Equation 4.11 and 4.12).

. C
-] ZD(Zﬁ)Z(f—fREF)ZL

H ( f) =€ 7l 4.12
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2
_jﬁCD(ﬂl L
H ( f ) —e frer
4.13
The reference frequency parameter must be handled with extreme caution. This is not a physical
property of the fiber; it is critical to understand this at this time. This is a point of reference against
which phase shifts are measured. It is intimately linked to the receiver's synchronization. The
establishment of a symbol window at reception is done differently mathematically than in practice.
Instead of employing training symbols, a frequency is specified that will be used as the start of
relevant information receipt; this value is known as the reference frequency. The simulation
environment is no different. The simulation’s intelligent setup of this parameter will enable for
accurate detection and a better understanding of how CD impacts the transmitted signal. As a
result, a complete mathematical analysis of the sent signal at key stages of the link has been

implemented.

When an optical modulated signal is transmitted across a fiber media, it is susceptible to chromatic
dispersion (CD). As a result, the above-mentioned transfer function of fiber medium has an impact
on it mathematically as follow:

Sco (1) =S, (D * (1) 4.14

2
o-0per )" L

Sy () = S, (@) H(@) =S, (@)

The signal now depends on the mathematical parameter in question (reference frequency), as

shown in Equation 4.15.

NC
2 By 2
-7 (oggr +NA0)
Spolt)=1+ ) ae ?
NC
2

L[cos((a)RF HIA0)(-Bylo, e )L+ 4],

n=
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I (R MO (o +a0)(t- (0 L)

N 4.17

4.1.3. DP-16QAM Co-O-OFDM Receiver

Coherent detection is an enhanced detection approach in which the receiver recovers the entire
electric field, including amplitude and phase information. Because information can be encoded in
amplitude and phase, polarization, or a combination of the above components of a carrier, coherent
detection gives us the most flexibility in modulation forms. Because the received signal is
demodulated by a local oscillator that serves as an absolute phase reference in coherent detection,

the receiver will have prior knowledge of the carrier phase[33].

—— Optical Field

——— Eletrical Field
i —’ e —b ::._> i
Transmitted Polarization (2x4) 90 degree OFDM =  QAM e Bit Stream

optical signal Splitter optical hybrid demodulation sequence j
_> decoder
PS
Optical carrier from Polarization (2x4) 90 degree ::._> oM [P Qaum f Qutput bit
. — o b : sequence S ;
local oscillator Splitter o, | optical hybrid demodulation 1 sequence
= B decoder

Figure 4. 3: DP-16QAM Co-O-OFDM receiver[61]

As shown in the figure above both transmitted optical signal and optical carrier from local
oscillator are divided into X and Y polarizations using polarization splitter before mixed in optical
hybrid. That is the received signal is fed to one arm of hybrid coupler where the other input to
hybrid is local oscillator signal. The output of the hybrid is detected on the photodetector and then
transferred to the digital receiver which is OFDM modulation and the digital signal is recovered.

To understand coherent detection better let’s have a look at the working principle of hybrid.

Let the transmitted optical signal E(t) can be represented as[61]:

E () =P *glloda) 4.17

Where Ps is Optical transmitted power
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w, IS the frequency of a transmitted optical wave

¢ IS phase of a transmitted optical wave

Similarly, Local oscillator is represented as

ELO (t) — , p|_0 *ej(a)Lot+¢Lo) i1

Where P is Optical power of Local-oscillator
wyo IS the frequency of Local-oscillator

&0 Is phase of Local-oscillator

Both signals are combined in an optical hybrid, which then sends the outputs to the digital receiver.
This hybrid is constructed by using four 180° hybrids and a 90° phase shifter as shown in figure

below. Here we focus only on homodyne coherent receiver.

Es‘ : 7(5 +jELo) .
s : =Fxn
: 3dB 3dB 1 E.+E,,) :
P4 : Coupler Coupler —\JE, Ly E
: 2 : =Fxn
: E3= i
: J ) ,
E : _(Es + JE oe™ )
LO : 2 :
H : =EXQ1
—._’ . -
: 3dB 3dB . PR
: Coupler . Coupler _(JES +E o€ ) :
—i— Jja 2 ! =Fxo2
i j - e j 'a’ :
: Fa ‘\/{5 E, . \/E E, e’ =Fs
i ettsesestitesestsiseteattaasesasttantrtactsanentastsnsettaetesteetsetesteessesnsnansnannl

Figure 4. 4: Homodyne Optical hybrid where 0=90°[66]

Setting the phase shift to a=90°, The transfer function of ideal or equally divided 3 dB coupler is

Eoutputl(t) B i [1 jj Einputl(t) 419
EoutputZ(t) _\/E J 1 Einputz(t) .

Using ideal hybrid equation

given by [66]:
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el H# il
E, | J2lj 10 4.20

5=z 50 4.21
o1
E, =] 7 E.() 4.9
Similarly,
{E3:|_i[l J]|:ELo(t):|
E, 20j 1)]0 4.23
1
E,=—E,(t
3 \/E () 424
E =2 E (1)
4 \/E © 4.25
E, =, =——E, (1)
5 ' \/E ® 4.26
E4 goes through a 90 ° phase delay to get Bs =—1E; = ‘% Eo(t)
1
. | = E(t
SRR R
Exi 2\) 1)|E 2\) 1 %ELo(t) 4.27
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Exii = (E () + JE, (1))

4.28
Eyio = (JE (t)+E (1) 4.29
i~ E
{Em}ip jJ{EZ}:i(l j] Iz=
Eeo) V2Ui D& V2li 1)|_ 1 0
5wl
XQl (JE (t) JELo(t)) 4.31
o0 = %( JE,()+ JEL, ) 432

Using square law detection, the current generated by the photodiode corresponding to the balanced

receiver is as follows, where R is the photodiode's responsivity [61, 66].

s = RIE®F=RIS (0 + [Eo OF 133

= RIEq: O F=RISUE O+ Eo© 434
o = RIExu @ F=R1 2 (EL() ~ [Eso (OF 435
o = RIExga® F= RI L (E, 0+ JEOF 436

Then by substituting the values of E,(t) and E _ (t) in above equations:

1 1 1
Iy = Z RP, +Z RPo _E RyP,Pyo COS[(@, — @y o)t + (@, — By )] 4.37
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1 1
Iy, = 1 RR +-— 4 Po* R\l P.Pio COS[(@, = By o )t + (@, =By 0)] 4.38

1 1 1
IXQl = Z RP, + Z RPyo _E RyP.Puo Sln[(a) ¢X|_o)t + ((0 ¢XL0)] 4.39

1 1 1

IXQ2 = Z RP, + Z RPo + E Ry/P.Pyo sin[(@, — @y o)t + (@, — dy )] 4.40

The ratio of the photocurrent Ip to the incident light power P at a certain wavelength is the
responsivity of a silicon photodiode, which is defined as the ratio of the photocurrent Ip to the

incoming light power P at that wavelength.

Bringing the above equations into Ixi=Ixi2—Ixi1 and Ixq=Ixqg2—Ixq1 to get the current output by the

X polarization balanced receiver as:

Iy = RyP.Pyo COS[(@, — By o )t + (0, — @y )] 4.41

IXQ =R Puo Sln[(a) —Pxo )+ (a) ¢X|_o)] 4.42

Similarly, the current output by the Y polarization balanced receiver is:

IYI =RyP. PXLO COS[(a)s - ¢X|_o )t + (a)s - ¢X|_o )] 443

IYQ =RyP.Po Sin[(@, =y o )t + (0, — by )] 4.44

The electrical signal in the form of electrical current is obtained after coherent detection comprises
the amplitude, frequency, and phase information of the received optical signal, as shown in the
theoretical derivation above. The electrical signal becomes a digital signal after sampling by the
ADC, and it enters the digital domain for processing. That means these output electrical signals

are transferred to dual OFDM demodulation block for digitization process.

Signal detected from OFDM demodulation process can be represented as follow for one OFDM

symbol.
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NC

2
a, CoS(my +NA@)(t - B, (0, — Wer )L - % (e +NAG)L)) 4.45

NC

2

Sd (t) =

This detected signal is down converted and filtered.

S (1) =S4 (1).(Cos(@get) — JSiN(@get)) 4.46
After down conversion and filtering the above signal can have the following form for one OFDM
symbol.
Ne
2 ATt B (i — oV — P2 A i o _PRE
{inAo[t-p, (@ —arer )P 5 NA®]- ] foorer (@o—gr > )}
Set)= D ae
N 4.47
N=——C
2

The disappearance of a fading component, such as the cosine factor, which was reliant on the RF
up conversion frequency, and the appearance of a delay that is variable for each subcarrier are
highlighted in the preceding expression. To avoid leakage to nearby symbols, this would require

the usage of a CP.

The reference frequency in this example is in the center of the OFDM band, which means that the
reception window will begin in the middle of the interval in which the subcarriers arrive. For

correct insertion and extraction of the CP in simulations, this must be taken into account.

As discussed in the previous chapter, the output of the I-channel mixer in the DP-16QAM

demodulator can be represented with the following wave form.
1 :
s, (t) = E[dI +d, cos(4z ft)+d,d,sin(4z ft)] 4.48

The output of the I-channel mixer, as shown in the above equation, is an analog signal with four

level data pulses d, and high-frequency components d, cos(4x ft)and d,d, sin(4z f:t). The

four-level data pulses dQ and high frequency components are also included in the Q-channel
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mixer's output. The high-frequency components are removed by the LPF, leaving only the data

pulses.

The detection circuit must sample these signals once per symbol period and then decide which
state each sample represents because the integrated signal in each channel is a time-varying analog
signal. To determine what levels each sampled level represents, the decision circuit compares it to
three thresholds. This circuit produces a stream of bipolar data pulses with fixed amplitudes. This
signal is converted to a digital signal via the 4 to 2 level Converter circuit. Each channel's dibits
are combined into a serial stream of data bits via the Parallel to Serial Converter. This data is

identical if no errors occur during the modulation, transmission, and demodulation processes.

4.2. Coherent Optical OFDM System with FBG

As it can be seen from figure below, the FBG sub-block is added to the previous general block of
Co-O-OFDM to integrate Co-O-OFDM system with FBG as dispersion compensation technique.

Here we discuss how FBG compensate dispersion since other blocks are discussed in the previous

section.
Qutput Bit
Input Bit Seqzence
Sequence
l Transmitter Recerver
DP-16QAM OM | Fiber. BG || Dualpolaatin OFDM DP-16QAM
Modulator —1 Tramsmitter — e lik —¥| -’I Coherent Receiver _.| Demodulation Demodulstor
: optic link : |

Figure 4. 5: General Block Diagram of high speed optical fiber communication with Co-O-
OFDM with FBG
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4.2.1. Fiber Braggs Gratings (FBG)

Nowadays, chromatic dispersion adjustment is achieved by recompressing the dispersed optical
signal using entirely optical components such as FBG [7, 41]. It consists of a direct intelligent
device with an intelligent record profile that changes in direct proportion to the fiber length. As
indicated in the diagram below, the grinding reflects light based on the wavelength of the light that
enters the grinding. Light with a longer wavelength travels a greater distance inside the grinding
before being considered, whereas light with a shorter wavelength travels a shorter distance inside
the grinding before being reflected. Thus, a Fiber Bragg Grating(FBG) is used to compress the

pulse that is expanded by chromatic passing in order to scat in an SMF.

— Ao

AL — 4

An O

Aa ey

rTTT
I’ \
T P,
¢
\i-_’l

Uniform Gratings

Figure 4. 6: Principles of Fiber Bragg Gratings[67]

FBG is a reflecting device in an optical fiber that causes core refractive index modification at a
specific wavelength. When the wavelength of the signal traveling through the optical fiber matches
the modulation periodicity of FBG, reflection occurs in gratings. The Bragg wavelength (b) is the

reflected wavelength that is expressed by the following equation[41]:
A, =2An,, 4.49

Where nest is the grating's effective refractive index in the fiber core, and A represents the grating.
The operation of a fiber Bragg grating is determined by factors such as light reflection from grating
fringes and mode coupling. Between the forward and backward propagating fields, there is a
coupling. The two fields have strong coupling if they follow the stated Bragg criterion, according

to the coupling process:

B-B=—— 4.50
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Where, 1 and S are the phase constants of two coupling modes, m is the order of diffraction, and
A displays the grating time based on refractive index fluctuation (assuming sinusoidal variation).

For first order, m =1.

Using two inverse propagating modes that are equal

B.=P, 4.51

The Bragg diffraction condition is obtained from equation (4.50).

_mx

B = A 4.52

We can get: by substituting the value of grating period from equation (4.49) to equation (4.52) and
m=1. [12]

£= 4.53

When m=1, the Bragg wavelength significantly reflected by the grating may be calculated by
putting equation 4.52 into equation 4.53. For momentum conservation requirement of Bragg

grating condition © can be ignored.

Ay = 2N A 454

This is the last wave condition that a Fiber Bragg Grating will reflect. Only wavelengths that satisfy

the Bragg criterion are affected, and they are strongly reflected back.

4.3. Analytical Tool

The optical signal-to-noise ratio (OSNR) is a measurement of how much optical noise interferes
with optical signals. Within a proper bandwidth, it is the ratio of service signal power to noise
power. The optical signal to noise ratio (OSNR) is reduced when a signal is amplified by an optical
amplifier (OA), such as an EDFA, and this is the major rationale for having a small number of

OAs in a network. The receiver's OSNR values are the most important, because a low OSNR value
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indicates that the receiver will most likely not detect or recover the signal. One of the key criteria
that determines how far a wavelength can travel before regeneration is the OSNR limit.

The optical signal to noise ratio (OSNR) is used to evaluate the performance of optical
transmission systems. The bit error rate(BER) is defined as the number of bits in error divided by
the total number of transmitted bits. The minimal signal-to-noise ratio (SNR) necessary to get a

specified BER for a given signal is indicated by the quality factor (Q-factor).

Signal Power

4 i ‘[ i
1 1
Signal

(modulated)

OSNR =

Power

Noise Power Noise Power

(left) (right) ASE Noise

v

Ali-1) Adi) Mi+1)
Wavelength(nm)
Figure 5. 1: OSNR measurement

. The bit error rate (BER), which is the final value for measuring the quality of a transmission, has

a direct relationship with OSNR.

They are stated mathematically as follows [68]:

OSNRziz EuR, 455
Pn NOBN
1 E 1 B
BER=Z=erfc( [—~)==erfc( |OSNR.— ,
> (‘/No) > (‘/ Rb) 4,56
BN
Q=10 IoglO(Z*OSNR*R—) 4.57

b

Where Ps is transmitted signal power, Pn is noise power, Ey is the average energy per bit, Ry is the
bit rate, N, is the noise power spectral density, and B is the noise bandwidth.
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CHAPTER FIVE

Simulation Results and Discussion

In this chapter, simulation setup, simulation parameters and simulation results were discussed. The

simulation software used in this thesis are OptiSystem version 17 and MATLAB 17a.

5.1. DP-16QAM Co-O-OFDM Simulation Setup

DP-16QAM Co-O-OFDM without FBG system consists five components, namely, DP-16QAM
OFDM transmitter, RF to optical converter, a fiber link, optical to RF down converter and a DP-
16QAM Co-OFDM receiver.

5.1.1. DP-16QAM OFDM Transmitter Simulation Setup and its Parameters

Pseudo Random Binary Sequence (PRBS) generator was used to generate a bit sequence that will
approximate the random data characteristics, and these generated bits fed into serial to parallel
converter. Serial to parallel converter converts those serial bits into parallel bits and deliver to X
and Y components of DP-16QAM (8 bit per symbol) encoder. From both respective 16-QAM

signal is connected to respective an OFDM modulators with a 128 subcarrier.

0AM = A
i 113 = L B
QM Sequence Generstor OF DM Modulation
X Bits per symbol {bisym} = 4 bit= Maxirmum possible subcarriers = 128
Humber of prefic points = 10
Awerage OFDM power = 15 ¢ Err
Humber of input port: zarz) =
Mumber of subcarriers per port gD
Subcarrier locations = 25-104
Dusl polarization = YES
Polarization = X
Dll] P— e - Mumber of training symbols = 10
= = A =
Poeud D—F“r dom Bit S=guence Generator Serial To Parallel Converter 1xMN_1 = EE C
Bit rate = Bit rate  bit's e D
CW Lasear_1 Polarization Splitter
Y Freg usney = 1821 THz Device angle =0 deg
Power = 14.14 dBm
O AN
o1 113 =
2AK Seguence Generator_T OF D Modulation_1

Bits per symbol {b'sym) = 4 bits Msccimusm po==|bl=- subcamiers = 128
Mumber of prefic points Li]
Awersge OFDM power = 15 d
Nerbnro input poirt: 1]
Mumber of subcarmisrs p=-r port 80
Subcarrier locations = Z28-104
Dusil polsrization = YES
Polarzation =
Mumbear of training symbaols = 10

Figure 5. 2: DP-16QAM Co-O-OFDM Transmitter Simulation setup
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After filtered and amplified the in-phase (I) and quadrature (Q) components of both OFDM

modulators are transmitted via ports A, B, E and F to respective ports of the direct 1/Q optical

modulator which consists of two lithium Niobate (LiNb) Mach-Zehnder modulators (MZM) as

shown in figure below. MZM will modulate the electrical signal from the OFDM modulator to the

optical carrier with a laser source of 193.1 THz which are connected through C and D. The power

of the laser source is 14.14 dBm

jumm dr
Al LI
: Lire Pais Radlafgle Filed

Cutaff fregusngy = 078 * Symbol rese Hx

gt
=

- N mif—
Eiectrical Gain_fz, o o o l

=

Dhptical MHull_1

Low Pass Reccargls Fduer §
Cuiof! freguency = 0.78 ® Symbol rais e

e et

Ebpsireanl Oipen_ 2

L = Coypeer_g

LitE Mech-LZe r Wigdulaice <

|

Essstrezsl Sain_8
D = =1

Drgund_1

Prgds graft = B3 geg
LIk Mg Tamnged Lempylatid_1

[
k

Ekcirinal Cain_T
G & 21

o
E_[_b ¥ o
Lot Pass Recisnghs Filer

o
Cuwicll freguency = 0.7 " Symbol raie Mz
4=

L_[:}_._.-—c—c:' J

E bz 4
E WSl Fadk 123_2

r

LiMip Lisgh-Zahndqr Modulanos_T

=L

% Coaplad_T

Fah
Ciptieal Mull_1
Lire Paiis Riadiangis Fier 1
Cigalf frpyonngy = 0 T < Byl tee  Hz
]
"
———

Elwotnesl Gam_5 Fork 1x2_3

T

[
|
Elwocrioal Cigan_8
i = =1
o Q
=8 —E‘-:F—l'- . -
‘ o Crptetdl Arph i _T
l l Breund_1
——— i :
Y\
—— — Phass Shift 1
J—— Phaiss shift = 33 dag
LiME Wach-Tahader Modulator_3
I
L
Ebegtraisl Gupem 7T
Gan = =1

Figure 5. 3: Filter and RF to Optical up converter Simulation Setup
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As shown in the above figure signal through ports A, B, E and F passed is given to low pass filter

with cutoff frequency of 0.75*symbol rate.

General Parameters

Bit Rate

100E+9, 200E+9, 400E+9 and 1.00E+12

Sequence length

32768

Symbol Rate 12.5E+9, 25E+9, 50E+9 and 125E+9 baud/s
Power 0 dBm
Resolution 0.1nm

Table 5.1: General Parameters

OFDM Parameters

Maximum Possible subcarriers 128
Number of prefix points 10
Average OFDM Power 15 dBm
Number of input ports(users) 1
Number of subcarriers per port 80
Subcarriers locations 25-104
Dual polarization Yes
Number of training symbols 10

Table 5.2: OFDM Parameters

How simulation parameters listed above are chosen are discussed here. Four bit rates i.e. 100G,
200G, 400G and 1T were analyzed. The symbol rate is derived from the following equation for all
three bit rates using bit per symbol of DP-16QAM.

bit rate = symbol rate * bit/symbol

Since DP-16QAM has 8 bit per symbol so the resulting Baud rate or symbol rates are 12.5G, 25G,
50G and 125G for 100G, 200G, 400G and 1T bit rates respectively. Most optical LASER modules
in the market operate in the output power range -4 dBm to +4 dBm. In this simulation average, 0
dBm is chosen [19] [35]. The total optical noises of a transmission system are normally measured

over a standard noise resolution bandwidth of 0.1 nm. So, resolution bandwidth of 0.1nm is chosen
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[53]. The EDFA Gain is calculated by considering the total length of the fiber and the attenuation

per km.

EDFA Gain = 80k(length) X 2dB km = 16 dB

5.1.2. Fiber link Simulation setup and its Parameters
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i
Orptical Fiber
Length = 80 km Optical Ampdifier_1
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Figure 5. 4: Polarization combiner and Fiber Link Simulation Setup

The fiber parameters are characteristics of standard single mode fiber that conforms with
Recommendation ITU-T G.652 [54]. The fiber length/reach is set to be 80km.

Fiber Parameters

Reference Wavelength 1550 nm
Length 80km
Attenuation Effect Enabled
Attenuation 0.2 dB/km

Dispersion 16.75 ps/nm/km
n2 2.60E-20m?/w
Beta 2 -20 ps?/km

Beta 3 0 ps?/km
Differential Group delay 0.2 ps/km
Effective area 80pm?
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The reason for the selection of 80 km is also to fit the typical distance of repeater housing in early

optical transmission systems of the 1980s for single-mode fiber without optical amplifiers. At that

time, the repeater distance was determined at 40 km for IM/DD and bitrate was normally at 155 or

622 Gh/s. There were many repeater sites built for such housing, and hence it is more economical

to design the span length of 80 km to take advantage of these housing infrastructures [20].

EDFA Parameters

Operation Mode

Gain control

Gain

16 dBm

Noise figure

4

5.1.3. Co-O-OFDM Receiver Simulation setup

Table 5.4: EDFA parameters
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Figure 5. 5: Co-O-OFDM Receiver
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Number of training OFDM symbots =0

Number of pilot symbots =0

As shown from Above Co-O-OFDM receiver simulation set up consists of DP-16QAM Optical

coherent reciever, OFDM Demodulation Dual polarization, two QAM sequence decoder and
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parellel to serial converter. As discussed in the previous chapter, dual polarization coherent
receiver consists of eghit 3-dB couplers which are used to mix optical siganl transmitted with
locally generated signal of CW-laser. Corresponding APD(avalanche photo diode) will do
balanced detection.
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Figure 5. 6: Coherent Receiver Structure Simulation Setup
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Finally, after combining all parts discussed above final simulation setup of DP-16QAM Co-O-

OFDM without FBG system is shown with figure xxx below.
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Figure 5. 7: Overall DP-16QAM Co-O-OFDM System Simulation Setup
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5.2. FBG Integrated DP-16QAM Co-O-OFDM Simulation Setup

Like system without FBG, DP-16QAM Co-O-OFDM with FBG system consists five components
with the same parameters except addition of FBG in the link. So here only FBG parameters and

final simulation setup are shown.

0AM

M3
wa i

AN Sequence Genrato_ |~ OFCM Modultien_)

Main Layout |
" Pl [Pl T2 5o |

Figure 5. 8: Overall DP-16QAM Co-O-OFDM System with FBG Simulation Setup

FBG Parameters
Frequenc(Hz) 193.1T
Effective Index 1.45
Length 2
Apodization Function Uniform
Number of segments 100

Table 5.5: FBG parameters
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5.3. Results and Discussions

The simulation results of DP-16QAM Co-OOFDM system with and without FBG at different
stages and different transmission length are explained as such a way. It consists plots of RF
spectrums, optical spectrums and constellation diagrams at different propagation distances for both
systems (with and without FBG) and for four different rates (100G, 200G, 400G and 1T). In
addition to these plots, BER vs propagation distances, BER vs OSNR, OSNR vs propagation
distances and Q factor vs propagation distances are plotted using MATLAB for both systems (DP-
16QAM Co-0O-OFDM system with and without FBG) for four different rates.

Figures 5.9 to 5.12 show RF spectrums of DP-16QAM Co-O-OFDM system without FBG at Okm,
80 km, 320km and 1600km distances for 100G, 200G, 400G and 1T rates respectively. As can be
seen from respective figures below amplitude or power of the signal is decreased as propagation
distance increased. In other words, OSNR values of the system is decreased as the signal
propagates longer distances due impairments like chromatic dispersion.
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Figure 5. 9: RF Spectrum of 100G without FBG a) at Okm b) at 80km c) at 320km d) at 1600km
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Figure 5. 12: RF Spectrum of 1T without FBG a) at Okm b) at 80km c) at 320km d) at 1600km

Similarly, figures 5.13 to 5.16 below show RF spectrums of DP-16QAM Co-OOFDM system with
FBG at Okm, 80 km, 320km and 1600km distances for 100G, 200G, 400G and 1T rates
respectively. As can be seen from respective figures below amplitude or power of the signal is
decreased as propagation distance increased. In other words, OSNR values of the system is
decreased as the signal propagates longer distances due impairments like chromatic dispersion. It

also shows side lobes, that are due to chromatic dispersion, are decreased using FBG.
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Figure 5. 13: RF Spectrum of 100G with FBG a) at Okm b) at 80km c) at 320km d) at 1600km
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Figure 5. 14: RF Spectrum of 200G with FBG a) at Okm b) at 80km c) at 320km d) at 1600km
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Figure 5. 15: RF Spectrum of 400G with FBG a) at Okm b) at 80km c) at 320km d) at 1600km
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Figure 5. 16: RF Spectrum of 1T with FBG a) at Okm b) at 80km c) at 320km d) at 1600km

Figures 5.17 to 5.20 show optical spectrums of DP-16QAM Co-OOFDM system without FBG at
Okm, 80 km, 320km and 1600km distances for 100G, 200G, 400G and 1T rates respectively. As

can be seen from respective figures below due impairments like chromatic dispersion in the

transmission medium amplitude or power of the signal is decreased as propagation distance
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increased but amplitude of the noise is increased. In other words, OSNR values of the system is

decreased as the signal propagates longer distances.
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Figure 5. 17: Optical Spectrum of 100G without FBG a) at Okm b) at 80km c) at 320km d) at
1600km
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Figure 5. 18: Optical Spectrum of 200G without FBG a) at Okm b) at 80km c) at 320km d) at
1600km
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Figure 5. 19: Optical Spectrum of 400G without FBG a) at Okm b) at 80km c) at 320km d) at
1600km
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Figure 5. 20: Optical Spectrum of 1T without FBG a) at Okm b) at 80km c) at 320km d) at
1600km

Likewise, figures 5.21 to 5.24 show optical spectrums of DP-16QAM Co-OOFDM system with
FBG at Okm, 80 km, 320km and 1600km distances for 100G, 200G, 400G and 1T rates

respectively. As can be seen from respective figures below due impairments like chromatic
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dispersion in the transmission medium, amplitude or power of the signal is decreased as

propagation distance increased. In other words, OSNR values of the system is decreased as the

signal propagates longer distances
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Figure 5. 21: Optical Spectrum of 100G with FBG a) at Okm b) at 80km c) at 320km d) at
1600km
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Figure 5. 22: Optical Spectrum of 200G with FBG a) at Okm b) at 80km c) at 320km d) at
1600km
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Figure 5. 23: Optical Spectrum of 400G with FBG a) at Okm b) at 80km c) at 320km d) at
1600km
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Figure 5. 24: Optical Spectrum of 1T with FBG a) at Okm b) at 80km c) at 320km d) at 1600km

Figures 5.25 a, b, c and d to 5.28 a, b, ¢ and d show constellation diagrams of DP-16QAM Co-
OOFDM system without FBG at Okm, 80 km, 320km and 1600km distances for 100G, 200G,

400G and 1T rates respectively. Constellation diagram displays the signal as a two-dimensional

xy-plane scatter diagram in the complex plane at symbol sampling instants. The radius or the
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distance of a point from the origin represents a measure of amplitude. The angle of a point,

measured counterclockwise from the horizontal axis, represents the phase shift of the carrier wave

from a reference phase. Accordingly, as can be seen from figures there is some phase shift and

radius size reduction of each symbol and concentrating around the origin. This implies that there

is dispersion and distortion of the signal as it propagates long distances in the fiber.
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Figure 5. 25: Constellation diagram of 100G without FBG a) at Okm b) at 80km c) at 320km d) at
1600km
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Figure 5. 26: Constellation diagram of 200G without FBG a) at Okm b) at 80km c) at 320km d) at
1600km
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Figure 5. 27: Constellation diagram of 400G without FBG a) at Okm b) at 80km c) at 320km d) at
1600km
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Figure 5. 28: Constellation diagram of 1T without FBG a) at Okm b) at 80km c) at 320km d) at
1600km

Similarly, figures 5.29 a, b, cand d t0 5.32 a, b, c and d show constellation diagrams of DP-16QAM
Co-OOFDM system with FBG at Okm, 80 km, 320km and 1600km distances for 100G, 200G,

400G and 1T rates respectively. Some phase shift and radius size reduction of each symbol and
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concentrating around the origin is observed for this system also. This implies that there is

dispersion and distortion of the signal as it propagates long distances in the fiber.
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Figure 5. 29: Constellation diagram of 100G with FBG a) at Okm b) at 80km c) at 320km d) at
1600km
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Figure 5. 30: Constellation diagram of 200G with FBG a) at Okm b) at 80km c) at 320km d) at
1600km
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Figure 5. 31: Constellation diagram of 400G with FBG a) at Okm b) at 80km c) at 320km d) at
1600km
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Figure 5. 32: Constellation diagram of 1T with FBG a) at Okm b) at 80km c) at 320km d) at
1600km
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Figure 5. 33: BER vs Propagation distance a) Without FBG b) With FBG
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As can be seen from figure 5.33 a and b above, BER value of each transmission capacity is
increased with propagation distance for both systems. When FBG not used, transmission of 100G,
200G, 400G encountered first error after propagation of 160 km even though number of error they
made is different and transmission of 1T encountered first error after propagation of 80 km. When
FBG used, transmission of 100G encountered the first error after propagation of 320 km,
transmission of 200G and 400G encountered first error after propagation of 240 km and
transmission of 1T encountered first error after propagation of 160 km. If no error correction
method is used this is the highest distance, we can achieve with the given configuration. If an error
correction algorithm that can recover a BER as low as 10~3 used, propagation distances can be
extended to 572.3 km, 468.1 km, 376.9 km and 239.8 km for transmission of 100G, 200G, 400G
and 1T capacities respectively when Co-OOFDM system integrated with FBG.
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Figure 5. 34: BER vs Propagation distance for the same rate but using different systems a) 100G

b) 200G c) 400G d) 1T

As shown in Figure 5.34 a, b, ¢, and d, when FBG was combined with a Co-O-OFDM system, the

error-free transmission or propagation distance improved from 160 km to 320 km for 100G, from

160 km to 240 km for both 200G and 400G, and from 80 km to 162 km for 1T. Similarly, when
FBG was combined with a Co-O-OFDM system, the maximum transmission or propagation
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distance was increased from 160 km to 579 km for 100G, 160 km to 467 km for 200G, 160 km to
377 km for 400G, and 80 km to 242 km for 1T to reach target BER value of as low as 1073.

T —




Log BER

Log BER

BER vs OSNR without FBG

100 F \ \ \ ]
r —6— 100G withou FBG | ]
r —4£— 200G withou FBG |
[ 400G withou FBG | |
[ oo — O 1Twithou FBG | |
L «f{*/—é}—.{;,{,;_n_#
va
-1 _
107 | .
I \\.i\k\
0% F BN E
F N ]
[ . ]
|- \ .
| N 4
| X330 X: 3567
¥:000125) v, 0001153
u [
-3 -
107 F =
i oLl $ gzu'gozs 1
r ¥: 0.000897 U i
104 ! ! ! ! ! !
22 24 26 28 30 32 34 36
OSNR(dB)
a)
0 BER vs OSNR with FBG
107 ¢ I I I 3
5 —6— 100G with FBG | ]
r —&— 200G with FBG | -
r 400G with FBG | |
r —5—1TwithFBG |
A1 -
107 F % E
: ﬁé ]
-2 \&\
10 & R
i X: 28.94 X:30.62 X: 33.27 X: 37.11
Y:0.000985 . Y:0.001018 ¥:0.00102 _ Y:0001017
103 | LN n L E
- N X: 38.82 1
r AN X:346 ¥:0.0002388 1
r = Y: 0.0001744 S ] 1
r X:3089 - X:32.89 g
Y:855e-05 .  Y:9.067e-05
10 £ [ ] R E
105 ! ! ! ! ! !
26 28 30 32 34 36 38 40

OSNR(dB)

b)

Figure 5. 35: BER vs OSNR a) Without FBG b) With FBG
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When FBG was not used, as shown in the figures 5.35 a and b above, the minimum BER values
of 10 for 100G and 1073 for 200G, 400G, and 1T were registered at 31.97dB, 32.61dB, 33.01dB,
and 35.67dB OSNR values, respectively. However, when FBG was integrated, the minimum BER
values of 10 for 100G and 200G and 10 for 400G and 1T were registered at 30.89 dB to have

error free propagation distance.

When FBG was not used, Co-O-OFDM systems of 100G, 200G, 400G, and 1T reached the target
BER value of 102 at 31.97 dB, 32.61 dB, 33.01 dB, and 35.67 dB OSNR values, respectively.
When FBG was used, 100G, 200G, 400G, and 1T Co-O-OFDM systems achieved the target BER
value of 10" at OSNR values of 28.94 dB, 30.62 dB, 33.27 dB and 37.11 dB respectively. Because
the target BER value of 102 is reached at these points, these OSNR values can be used as a cutting

point for both systems.
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OSNR vs Propagation Distance
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Figure 5. 36: OSNR vs Propagation distance a) Without FBG b) With FBG

The OSNR values of each transmission capacity decrease as propagation distance increases for
both systems, as shown in figures 5.36 a and b above. When FBG was not used in the system,
transmission of 100G scored threshold 31.97 dB OSNR value at a distance of 160km, transmission
of 200G scored threshold 32.61 dB OSNR value at a distance of 160km, transmission of 400G
scored threshold 33.01 dB OSNR value at a distance of 160km, and transmission of 1T scored
threshold 35.67 dB at a distance of 80km, according to the OSNR vs Propagation distance plot
Transmission of 100G scored threshold 28.9dB OSNR value at a distance of 579.5km,
transmission of 200G scored threshold 30.6 dB OSNR value at a distance of 470.4km, transmission
of 400G scored threshold 33.27dB OSNR value at a distance of 376.6km, and transmission of 1T
scored threshold 37.1dB at a distance of 240.2km when FBG was integrated in the system.
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Figure 5. 37: Q factor vs Propagation distance a) Without FBG b) With FBG
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Q Factor vs BER without FBG
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For both DP-16QAM Co-O-OFDM systems with and without FBG, as shown in figures 5.38 a and
b, Q factor decreases as distance and BER increase. As BER and distance increase, the minimum
optical signal-to-noise ratio (OSNR) required to get a specified BER value for a given signal

decreases.
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CHAPTER SIX
Conclusion and Recommendation

6.1. Conclusion

Finally, the purpose of this thesis was to investigate the impact of dispersion, such as chromatic
dispersion (CD), on signal transmission across optical channels. As the transmission distance
increases in optical communication, the signal overlaps with surrounding pulses, causing the signal
to spread. The coherent detection OFDM system, as well as the integration of coherent detection
with fiber Bragg grating (FBG) as dispersion compensation technique, have been used to mitigate
this problem. Coherent optical OFDM s the future of optical communication since it combines
the benefits of both the coherent detection system and OFDM technology, and it has been hailed
as a potential solution for the next generation of high-capacity optical networks. Fiber Bragg
Grating (FBG) is a conventional dispersion compensation technology that lowers the effect of
dispersion by reflecting short wavelength signals back through its grating. In this thesis, two fiber
optic communication systems, namely Co-O-OFDM and integration of Co-O-OFDM with FBG,
were analyzed for four different high speeds i.e. for 100Gbps, 200Gbps, 400Gbps and 1Thps at
different propagation distances of single mode fiber. For both systems DP-16QAM advanced
modulation technique was used for mapping and de-mapping as single carrier modulation
technique in the RF OFDM transmitter and receiver. OSNR, BER and Q-factor, are metrics used
to analyze the outputs of both systems and RF spectrum, optical spectrum and constellation

diagrams were used to demonstrate the spectrum property of the signal for both systems.

Based on results of simulations we can conclude that for both systems distortion of the signal due
to chromatic dispersion increased as transmission distance increased i.e. OSNR value decreased
as transmission distance increased for both systems. Propagation distance required to get BER
value of 103 (which represents the limit beyond which the FEC function becomes inefficient) is
decreased for both systems with transmission capacity. That is Q-factor, which indicates the
minimum signal-to-noise ratio (SNR) required to obtain a specific BER value of 103 for a given
signal, is decreased with transmission distance. When we compare both systems namely Co-O-

OFDM systems and FBG integrated Co-O-OFDM system, for specific transmission capacity, FBG

Performance Analysis of High Speed Fiber Optic Communication with Optical OFDM and Dispersion Compensation Technique

96



integrated Co-O-OFDM system has shown better performances in terms of BER, OSNR and Q-

factor values obtained.

6.2. Recommendation

The focus of this thesis was to analyze performance of high speed fiber optic communication
system using coherent optical OFDM and its integration with Fiber Bragg Grating(FBG) with DP-
16QAM as single carrier modulation technique to minimize chromatic dispersion. This thesis can
be further extended to the following areas, so that better performance can be obtained in different
dimensions. It can be extended using higher order advanced modulation techniques like DP-
64QAM, DP-128QAM and DP-256QAM instead of DP-16QAM so that spectral efficiency of the
system can be increased. Other type of advanced modulation techniques like DP-16QPSK can be
used as single modulation technique in the RF-OFDM stages and can be compared so that systems
with better performance based on maximum propagation distance can be achieved to get BER
value of 1073, Further this system can be integrated with WDM system to get better performance.
This study can be extended using multimode fiber and multiple user. In the channel environment

other linear and non-linear impairments can be considered in the future study.
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