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Abstract

The exponentially increasing demand for the channel capacity in long haul high speed transmission
systems has pushed the fiber-optic communication technology to adopt dense wavelength division
multiplexing (DWDM) system as a viable solution. To maximize the performance of such optical
networks, suitable system design strategies to optimize the parameters related to data transmission
within the channel characteristics becomes a critical area of research. Usually the optical channel
capacity is influenced by signal shape, dispersive and non-linear characteristics of the guiding medium
and the interference from various sources. These impairments appear to be much detrimental in a multi-
channel optical guiding medium especially at a higher data rate in the presence of fiber nonlinearities.
Thus, in order to exploit the best system transmission capacity with the least performance degradation,
a thorough understanding, modeling and characterization of optical channel behavior under various

operating environments becomes an important problem.

The main objective of this thesis is to analyze different approaches to mitigate the channel impairments
influencing the capacity limitations in optical fiber communication. Changes in optical transmitters,
receivers and transmission medium are not a preferred solution owing to relatively higher cost and
complex hardware setup requirements. However, efficient optical modulation approach emerges as a
promising technique with cost effective solution in the current scenario. In fact, signal spectral
bandwidth, tolerance to dispersion, resistance to nonlinear crosstalk, susceptibility to accumulated
noise, and other system performance measures are directly related to the optical modulation format.
Incorporation of certain modulation scheme in optical transmitter with appropriate receiver helps to
improve the capacity crisis of the transmission system quite effectively. Recent research in advanced
optical modulation formats confirms the improved data transmission with an acceptable system

reliability under optimum operating conditions.

The transmission quality of the optical signals is subject to optical signal-to-noise ratio (OSNR)
degradation, intra-channel nonlinearities, residual chromatic dispersion (CD), first-order polarization
mode dispersion (PMD) and optical filtering at the add/drop sites. High speed long haul optical
communication links consist of multi-span optically amplified systems accumulating amplified
spontaneous emission (ASE) noise adding system power penalty and the receiver performance. To
ensure an acceptable signal-to-noise-ratio (SNR), a higher optical signal power is required but it

generates signal crosstalk through such power dependent fiber nonlinear effect. Similarly, the higher



data rate increases the optical spectral width of the signal to make it more susceptible to chromatic
dispersion. Further, these systems also require a larger receiver electrical bandwidth to add complexity
in receiver design. Although there does not exists a perfect modulation format that is immune to all
such sources of performance degradations, yet the proper selection of an appropriate optical modulation
format does improve the system performance to some extent. Until not a long time ago, non-return-to-
zero (NRZ) had been the dominant optical modulation format in intensity-modulation, direct-detection
(IM-DD) fiber-optic systems. Only recently some commercial systems based on differential phase
modulation have surfaced and thus opened a scope of further exploration and innovation in related
technology. New research in this domain has led to propose some spectrally efficient modulation
formats to overcome the problems associated with bandwidth limitations in DWDM optical systems.
Multilevel modulation formats being spectrally efficient, enhance the transmission capacity by

transmitting more information in the amplitude, phase, polarization or a combination of all.

This thesis investigates the influence of spectrally efficient modulated systems in optical
communication links to manage the linear and non-linear impairments arising in high data rate
transmission. Such stringent restrictions over optical channel characteristics require an efficient
DWDM optical communication system incorporating judicious choice of modulation format and pulse
shape. Modulation formats such as intensity and phase modulation formats have emerged as an
acceptable technology that enables the design of such networks to perform satisfactorily. This
dissertation discusses the theoretical aspects of different models used in the analysis and simulation of
high speed optical communication links to gain an understanding of how different system components
and applied modulation format affects the performance of the complete system. Five modulation
formats viz., Carrier Suppressed Return to Zero (CSRZ) Duobinary, Modified Duobinary which are
intensity modulation formats along with Differential Phase Shift Keying (DPSK) and Differential
Quadrature Phase Shift Keying (DQPSK) have been considered in the present analysis focusing on

theoretical considerations, mathematical modeling and computer simulations.

The major focus is to analyze, evaluate and characterize different types of optimal encoding schemes
to infer the system design parameters in order to achieve an optimum data rate for a possible longest
optical link. This broad objective set leads inevitably to investigate theoretical and numerical models
in order to establish suitable simulation set ups to carry out several link parameter analysis evaluating
eye opening, BER, electrical and optical filtering, propagation distance, and limitations for each non-
linear process and their combination. The attempted simulation configurations closely reflect practical

conditions of existing terrestrial fiber link infrastructures. In contrast with laboratory transmission



experiments which often use non-zero dispersion shifted fiber (NZDSF) links, the proposed
investigations are based on standard single mode fiber (SSMF) link, which is the most largely deployed
fiber on terrestrial transmission networks with Erbium-doped fiber amplifiers (EDFA). During the
analysis different test are run, the results are analyzed and the design is optimized in order to dimension
the network in terms of fiber reach, number of users, power budget, bandwidth capacity, etc. Further
to gain physical signal propagation understanding in an optical link, a single channel DQPSK link is
developed using Matlab Simulink based model designing transmitter, receiver and fiber sections. A

systematic study regarding the impact of optimal filtering in such developed model has been done.

Conventional binary modulation formats are rather inapplicable and incompetent for high speed
networks owing to their lower spectral efficiency and OSNR degradation. However, phase modulation
exhibits higher noise sensitivity than intensity modulation, and is more tolerant to the effects of fiber
nonlinearity. The present study shows superior tolerance of DQPSK format in nonlinear fiber
propagation and thus makes this strategy as an effective solution. Thus, DQPSK emerges as an
attractive scheme amongst the available modulation schemes in terms of low error rate, reduced symbol
rate and bandwidth efficiency. The analysis and findings of the work indicates a superior choice of
multilevel modulation scheme to achieve increased capacity in optical communication link. So it can
be established that there is a benefit to be gained in terms of system performance and tolerance to
improvements by adopting a more sophisticated modulation format rather than convention binary
intensity modulation. The selection of parameters for a particular system must be carefully effectuated
taking account of a wide range of factors based on the detailed findings and limitations established
here. These researches in both modeling and numerical methods give us an insight view of advanced
modulation formats and provide a foundation for future research. This work emphasizes the anticipated
capacity dilemma and required challenges to be faced by presenting an optimal solution to compete

with the traffic growth in the next decade.
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Chapter 1

Introduction

The phenomenal increase in the ever-growing internet traffic has led to an aggressive demand for higher
transmission bandwidth, and thereby resulting in a dramatic growth of broadband networks. The drive
for higher capacity, better flexibility and enhanced functionality has been further expedited due to the
emergence of real-time interactive multimedia applications involving enormous data exchange. The
data volume is ever growing and such crucial messages need to be transmitted over global distances in
the fraction of a second. This calls for a responsive, secure and bandwidth efficient supporting network
to facilitate end-to-end transmission of data/messages of any conceivable size encountered in real-life

communication.

The internet, or more broadly any communication network, consists of various interconnected nodes,
which exchange information through an underlying backbone, consisting of a transmitter, a channel
and a receiver. Depending on the channel utilized for transmission of information, different
technologies can be deployed to transmit and receive bits of information. Optical communication
system forms the core of high speed transport infrastructure by offering its potentially unlimited
capabilities [1, 2] such as enormous bandwidth, low signal attenuation, minimum signal distortion,
lesser material usage, smaller power requirement and lesser effective cost. Currently, virtually almost
all the telephonic/cellular conversations, voice/data messages, and internet packets pass through an
optical fiber communication network between the source and destination at some instances. Optical
communication systems, use light as the carrier of information and optical fiber as the information
transmission medium with a capability to transmit high data rates over long distance [3]. However, the
main challenge is to increase the bandwidth-distance product of fiber link by researching the mitigation
approaches to resolve the intrinsic impairments of fiber channel, i.e., attenuation, dispersion and non-

linearities [4, 5].
1.1. Literature Background

The era of modern fiber-optic communications started in around 1970s with the advent of GaAs

semiconductor laser and the reduction of fiber losses to 20 dB/km near the 1 pum wavelength region.



Since then, optical communication has radically impacted the development of data communication
technology by resolving the bottleneck of high speed network access to the end users at a minimum
bandwidth cost [6] with an extremely high channel capacity [7]. The tremendous growth of lightwave
systems can be grouped into several generations each distinguished by bit rate-distance product (BL),
as a figure of merit, where B is the bit rate and L is the repeater spacing. Fig. 1.1 shows the growth rate
of bit rate-distance product with the development of lightwave systems in the initial years.
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Fig. 1.1: Increase in the BL product through several generations of lightwave systems [Source: 1]

The first generation of lightwave systems became commercially available in 1980 and operated near
0.8 um window at a bit rate of 45 Mbps allowing repeater spacing of up to 10 Km using GaAs based
semiconductor lasers. The second generation optical communication systems were deployed
commercially in 1987 and operated near 1.3 pum wavelength regime at which fiber loss is less than 1
dB/km and dispersion is minimum. This was enabled by the rapid development of InGaAsP
semiconductor lasers and detectors operating near 1.3 um and the use of single-mode fibers (SMF)
thereby allowing 1.7 Gbps data rate and 50 Km repeater spacing. The third-generation lightwave
systems came into existence in 1990, enabling 2.5 Gbps data rate in silica fibers having minimum loss
(0.2-dB/km) at 1.55 um wavelength. However, operation was severely limited by large fiber dispersion
encountered near 1.55 um and was overcome by the development of usage of dispersion-shifted fiber
(DSF) and narrow linewidth single-longitudinal-mode lasers. Moreover, the signal needed to be
electronically regenerated periodically with the repeater spacing of typically from 60 to 70 Km to meet

the requirement of high data rate optical link design.



Fourth-generation lightwave systems led to a revolution in optical channel capacity with the advent of
erbium-doped fiber amplifiers (EDFAs) and wavelength-division multiplexing (WDM) which resulted
in capacity enhancement by simply an increase in the number of channels without deploying more
fibers. Wide band optical amplification provided by low-noise and high-gain EDFAs made long haul
transmission possible without using electronic regenerator and stimulated the development of WDM
systems by transmitting the information using multiple carriers simultaneously. These systems working
upto 10 Gbps data rate were commercially available in 2001 but were largely limited by dispersion [8,
9]. To solve this bottleneck, considerable research has been done for the development of fifth-
generation systems which focus on increasing the number of WDM channels, by extending the
wavelength range to L-band (1570 nm-1610 nm) and S-band (1485 nm-520 nm) over the conventional
wavelength window, known as C-band, covering 1530 nm to 1565 nm. Another driving force is to
increase the data rate of each channel. Also optical soliton pulses were extensively studied to counteract
the dispersion effects through fiber non-linearities [10], thereby preserving their shape over a lossless
fiber. Recent efforts have been directed towards realizing greater capacity by multiplexing an even
larger number of wavelengths. These systems referred as Dense Wavelength Division Multiplexing
(DWDM) systems aim at reducing the current wavelength separation of 0.8 nm to less than 0.5 nm.
Controlling the wavelength stability and the development of wavelength de-multiplexing devices is a

critical issue [11- 13] in such systems.

Stupendous advances in optical communication technology has made it possible to develop systems
which can combine DWDM, optical time-division multiplexing (OTDM) and optical code-division
multiple access (OCDMA) systems. Moreover, coherent fiber optic communication systems are
realizable with the introduction of homodyne or heterodyne detection schemes at the receiver end. The
high receiver sensitivity offered by these systems initiated a huge surge in their demand. These systems
faced a tough route of commercialization due to costly and complex components required including
precise optical phase locked loops (PLLs). More recently, coherent optical systems are re-emerging as
interesting domain of research due to development of phase stabilized sub-megahertz line width lasers.
Further, high-speed digital signal processing (DSP) techniques have also enabled the implementation
of critical operations like phase locking, frequency synchronization and polarization control in the
electronic domain through digital means leading to realization of cost effective and stable coherent
receiver design. These possibilities are still appearing as a topic of further research and opens a future
scope of this thesis [14, 15].



1.2. WDM Optical Systems

Though the optical fiber networks were initially deployed for mainly long-haul or submarine
transmission, now their presence in strongly seen virtually in all metro networks. This is primarily
possible due to successful implementation of WDM technology which allows the data in separate
parallel channels operating at their corresponding wavelengths and thereby fully exploits the bandwidth
of optical fiber [16-19]. International Telecommunication Union (ITU) standards propose two
variations of WDM,: i) Coarse wavelength division multiplexing (CWDM) which supports a relatively
small number of channels (four or eight) with single channel bit rate between 1 and 3.125 Gbps, and a
large channel spacing of about 20 nm with nominal wavelengths ranging between 1310 nm to 1610 nm
, i) Dense wavelength division multiplexing (DWDM) on the other hand is capable of supporting a
greater number of channels (40, 80, or 160) at a conventional channel spacing of 50 GHz (0.4 nm) but
can even support smaller channel spacing such as 12.5 GHz (0.1 nm) and 25 GHz (0.2 nm) commonly
referred as Ultra DWDM (UDWDM) systems. The reference frequency is 193.10 THz (1552.5 nm) for
all optical channels and can easily handle single-channel bit rates of 10 Gbps, 20 Gbps, 40 Gbps and
up to 100 Gbps [20]. Fig. 1.2 shows a schematic of an optically amplified DWDM communication

system.
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Fig. 1.2: Implementation of a typical DWDM link

The link or the optical transmission path is usually formed by a cascade of identically equipped sections
comprising of appropriate optical signal conditioning blocks. At the transmitter side, laser source

generates the light and modulates the electrical signal into the optical data stream. Several such



modulated optical signals at different wavelengths from individual transmitters are multiplexed
together and launched over a link consisting of fibers and optical amplifiers. The post-amplifier negates
the insertion loss of the multiplexer at the transmitter side and the pre-amplifier enhances the receiver
sensitivity. It is also customary to include an in-line amplifier to cater for the attenuation in the fiber.
This combined optical signal is de-multiplexed before it propagates to each individual receiver, which
recovers the original electrical data by detecting and demodulating the optical signal.

1.3. Challenges and Solutions

The exponential rise in the transmission capacity has triggered an era of faster and reliable optical data
transfer techniques resulting in the exploration of spectrally efficient systems suitable at extremely high
data rate. This in turn led to the migration from the existing 10 Gbps to 40 Gbps systems. As the
transmission capacity of the optical network increases, the optical signal power required at the
transmitter end to ensure acceptable bit error rate (BER) at the receiver also increases. This increased
power level leads to signal distortions due to fiber Kerr nonlinearity induced impairments which results
in loss, interference and distortion in the transmitted signals. These limitations impose an upper bound
on the maximum effective SNR of a link, and limit the achievable transmission performance. On the
other hand, linear impairments such as chromatic dispersion (CD), optical-signal-to-noise-ratio
(OSNR) degradation, filter concatenation, amplified spontaneous emission (ASE) noise and the
crosstalk introduced by transmission over long concatenated fiber links also become dominant factors

in deciding the system performance [21-24].

The optical bandwidth of the amplifiers and the frequency separation between adjacent channels are
the two factors which limit the number of channels supported on a link. Though the ITU grid
specifications use 100 GHz channel separation, but currently systems with even smaller channel
spacing such as 50 GHz (DWDM) to 25 GHz (UDWDM) are being explored. These modified systems
invite increased non-linearity in the form of both intra and inter-channel crosstalk and thus present a
challenge to the researchers. While high capacity DWDM systems keep heading to closer channel
spacing and broader bandwidth of optical amplifiers fully exploits the fiber bandwidth, on the other
hand, upgrading the embedded systems presents a crucial challenge. Unfortunately, most of the
embedded fibers are conventional single mode fibers (SMF) which suffer from a large dispersion at the

1.55 um window. Changing the existing fiber bed is an economical challenge and hence upgrading



these systems calls for effective techniques based on specific requirements to optimize system

performance in terms of mitigation of linear and non-linear impairments [25-27].

Despite the introduction of several advanced modulation formats, the spectral efficiency is limited by
linear and non-linear impairments encountered during signal propagation such as self-phase
modulation (SPM), cross phase modulation (XPM), cross polarization modulation (XPolM) and four
wave mixing (FWM). [28] These linear and non-linear impairments not only impact the core junction
networks but also affect the fiber optic access networks and limit the transmission capacity and the
distance reach of DWDM systems. The dominant constraints in optical access networks are insertion
losses in passive optical devices, linear crosstalk in multiplexing and de-multiplexing devices [29] and
attenuation in the fiber optic cables. These effects have been discussed in detail in chapter 2. Thus, in
the design of a high speed multi-channel optical transmission system, limitations of dispersive
influences and management of non-linear impairments have attracted much attention for research work

to explore viable solutions.

While several methods have been proposed to curtail linear impairments, but the induced non-linear
impairments impose a limit on the overall fiber channel capacity especially for long haul WDM
transmission links. Transmission capacity can be significantly exalted by mitigation or compensation
of non-linear effects and has driven considerable research efforts in this domain over the past decade.
There can be two approaches to handle this aggravating problem, (i) design a robust system resilient to
non-linear effects and (ii) remove the non-linear impairments. From the view point of system design,
the non-linear tolerance can be enhanced by optimizing the pulse shape [30], receiver filter [31] or fiber
dispersion maps [32, 33], using pre-distorted signals [34, 35] or discovering novel modulation formats
which are more robust towards fiber nonlinearities [36-38]. Besides, polarization interleaving [39, 40]
and advanced amplification methods [41] can also decrease the nonlinear transmission penalty. On the
other hand, nonlinear post processing [42, 43] and optical phase conjugation [44, 45] dealing with the
optical signal phase are used for nonlinear compensation. However, these mentioned optical methods

appear less flexible and costly for implementation.

DWDM offers a manifold increase in the capacity of long-haul optical transmission systems or in other
words a substantial lowering of the cost per transmitted bit. However, in a conventional DWDM
network, the intensity of the optical carrier is modulated by the electrical information signal and uses
direct detection at the receiver, enabled by a photo-diode which acts as square law detector and converts

the optical signal to electrical domain. The implementation of intensity modulation (IM) on the



transmitter side and direct detection (DD) at the receiver end is known as intensity modulation-direct
detection (IM-DD) scheme and has been extensively used till now. However, the phase information of
the transmitted signal is lost due to the power law of a photo diode, preventing the employment of
phase-modulated schemes, thus resulting in low spectral efficiency [46, 47]. Moreover, the input signal
power cannot be arbitrary large due to the accumulation of non-linear effects in fiber leading to low
power efficiency. This necessitates the use of high sensitivity optical receivers in a noise limited
system. Therefore, both spectral efficiency and power efficiency are limited in a fiber-optic system

using direct detection.

To improve the transmission performance and spectral efficiency of DWDM systems, a wide variety
of techniques have been proposed such as: effective bandwidth management (by increasing the bit rate
per channel or increasing the number of channels or decreasing the channel spacing); channel noise
mitigation (by use of advanced modulation formats to trade off noise resilience and fiber propagating
characteristics by manipulating the spectrum of signal, using different fiber types to reduce nonlinear
signal distortions, effective management of nonlinear impairments and dispersion) and optimum
system design (accurate analytical modeling and simulation of optical link and the various components
and use of advanced DSP based signal conditioning algorithms such as signal equalization, forward
error correction (FEC), Digital back propagation [48-52]). The power efficiency can be improved by
minimizing the required average signal power or OSNR at a given level of BER. The signal spectral
efficiency is measure in bit/s/Hz, and can be increased using various spectrally efficient modulation
schemes [53-55] and the same has been the focus of this thesis. The study in the thesis attempts to
combine the above methods to achieve a robust long haul transmission link using spectrally efficient

modulation schemes.
1.4. Advanced Modulation Formats

The dramatic development in fiber optic communication is fueled primarily by two reasons: lowering
the cost of the transmitted bandwidth and meeting the insatiable demand of increased bandwidth. To
cope with the expected bandwidth demand in the near future, new technologies have to be researched,
developed and subsequently deployed in long-haul transmission systems. This has led to tremendous
research efforts and consequently spectrally efficient advanced modulation formats received special
attention as they offer narrow bandwidth and high immunity to non-linear distortion. These spectrally

efficient modulation schemes could be deployed selectively in the upcoming optical networks



depending on the operating bit rate, system requirements and network reach. In general, different data
formats lead to different signal quality at the receiver end for a given transmission link, because they
exhibit different waveforms and spectra [56]. At the same time, links with different system parameters
(reach, channel spacing, fiber type, amplification schemes, etc.) may also require different optimal data
formats. The ideal modulation format for long-haul, high-speed WDM transmission links would be one
that has a compact spectrum, low susceptibility to fiber non-linear effects, large dispersion tolerance,
simple and cost-effective configurations for generation and detection [57, 58].

In order to facilitate the 40 Gbps system to fit into the existing 50 GHz spaced DWDM infrastructure,
research in advanced modulation formats for optical transmission received a strong emphasis [59] as
they provide a cost effective solution to manage various transmission impairments. Several new
modulation schemes were investigated which along with carrying information in their amplitude also
modulate their phase information to augment the tolerance against dispersion, optical filtering and non-
linearities, leading to a robust optical link. Modulation formats such as chirped return-to-zero (CRZ),
single sideband band RZ (SSB-RZ), carrier suppressed return-to-zero (CSRZ), Duobinary return-to-
zero (DRZ), Modified Duobinary return-to-zero (MDRZ) and Alternate Mark Inversion (AMI) belong
to this advanced group [60-64]. Another category of modulation schemes carry the information
modulated in their own optical phase and are known as Phase Shift Keying (PSK) formats. One of the
most promising format for long haul networks is Differential Phase Shift Keying (DPSK) [65, 66],
wherein the difference in phase of the previous bit is used as reference and it uses a balanced receiver
in place of direct detection to gain the 3 dB sensitivity benefit. Recently, several multi-bit per symbol
optical modulation schemes have also been proposed as a competitive method to achieve higher
spectral efficiency with relaxed dispersion management and improved PMD tolerance [67, 68]. This
thesis also focuses on multi-level modulation formats, in particular the Differential Quadrature Phase
Shift Keying (DQPSK) format, which has attracted a considerable interest as it offers 3 dB
improvement in receiver sensitivity and has the best spectral efficiency compared to the other
modulation formats discussed above.

However, as each modulation format exhibits specific features (e.g. receiver sensitivity,
implementation cost/complexity, tolerance to impairments, it becomes a crucial task to characterize an
optimal modulation scheme for a particular application. Innumerable factors are to be considered to
select an appropriate modulation format, such as (i) tolerance to chromatic dispersion; (ii) improvement

attained in spectral efficiency; (iii) ease of implementation; (iv) span reach and (v) maximum allowable



DWDM channels without the need to apply error correction coding, making the proper selection a

major challenge.
1.5. Methods for Signal Quality Assessment

Numerical simulations are widely used for investigating fiber-optic communication systems. Not only
accurate physical models of individual devices are important but reliable estimation of system
performance is essential for enhancing simulation accuracy. Unlike practical systems, direct error
counting becomes unrealistic in numerical simulations due to the required large number of simulated
bits. Based on the knowledge of noise statistic property or deterministic propagation or filtering effects,
incorporating some analytical solutions has been proven to be a reliable way and the simulation time
for signal quality evaluation at receiver can be thus saved, especially for error-free systems [69].
Appropriate analytical models are needed according to the implemented modulation formats as the
noise behavior may appear differently for intensity and phase modulated signals [70]. In this section,
some common methods employed in numerical simulations for system performance characterization

are discussed.
1.5.1. Monte-Carlo Error Counting Method

The fluctuating optical signal caused by various kinds of impairments in fiber link is received by
receiver, which converts optical signal to electrical signal. The electrical signal is fed into an error
detector, which contains a decision circuit to sample the signal and compares to the transmitted data
patterns. The most direct way to estimate system performance is to calculate BER by comparing the
received bits and the transmitted bits as given by:

number of error bits . (1.
BER — f (1.1)

number of total bits

Hence, a BER of 4 x 10 corresponds to an average 4 errors per million bits. BER can also be defined
as the probability of incorrect identification of a bit by the decision circuit of the receiver [10]. The
Monte-Carlo method aims to directly counts the number of error bits which is similar to experimental
measurement. To ensure reliable estimation, it is necessary to transmit a sufficient number of bits for
a certain BER level. In Monte-Carlo simulations, the interaction between optical signal and noise is
also considered in performance evaluation which enhances the accuracy for transmission with high

fiber non-linearities. Besides, Monte-Carlo error counting method does not depend on the implemented



modulation formats and gives reliable BER estimation for various modulated signals and receiver
types. In an optical fiber communication system, BER may often be measured only experimentally as
the high quality performance of a conventional optical fiber communication link (BER =10 requires
an extremely large number of bits to evaluate BER, thus making numerical simulation of BER generally
impractical. Therefore, the Monte-Carlo method is less favorable in current research but can still be
employed for evaluating high BER or as a good reference for other BER estimation methods.

1.5.2. Eye Diagram and Eye-Opening

In addition to counting error bits, it is also possible to examine the signal quality by analyzing the
received pulse shape, i.e., the eye diagram at the receiver. An eye diagram is generated by overlapping
the received electrical pulses in individual bit duration into one-bit duration as represented in Fig. 1.3.

Eve Opening

amplitude (a.u.)

time period {a.u.)

Fig. 1.3: Hlustration of a received signal eye diagram and eye-opening definition.

An eye-opening (EO) parameter can be defined from a given eye diagram as the difference between

the least upper rail (V1, min) and the lower rail (Vo, max) of the eye, and is expressed as [71]:
Eye opening (EO) = Vi min — Vomax - (1.2)

In general, EO of the received signal can be used to describe the signal evolution in a transmission
system and is compared to EO of a reference signal which can be a back-to-back ideal signal or a

distorted signal, as depicted by Eqg. 1.3:

EO of the received signal . (1.3)
EO of therefernce signal

EO penalty or EO improvement = 10log;,



In the absence of noise, relating the received EO to ideal EO normally represents a penalty due to signal
distortion in fiber propagation, denoted as eye-opening penalty. If a distorted signal is taken as a
reference for the received EO which is distortion compensated, an eye-opening improvement can be

obtained to assess the ability of the employed compensation technique.
1.5.3. Q-factor and Error Vector Magnitude

With assistance of a known statistic process, the direct error counting of the Monte-Carlo method can
be replaced with a simple analytical model to estimate system performance. Assuming the received
current at the decision instant in any received bits has a distribution of Gaussian shape, BER can be
approximated by a quality factor (Q-factor):

1 I, —1 . (1.4
BER = —erfc (£>, where Q = 1 0 (1.4)

2 V2 oy + 01

The performance criterion of a receiver is governed by the BER, defined as the probability of incorrect
identification of a bit by the decision circuit of the receiver. A receiver is said to be more sensitive if it
achieves the same performance with less required incident power. The common receiver sensitivity is

defined as the minimum average received power for a receiver to achieve a BER of 10 [72].

The Q-factor can be calculated by the ratio of difference between two mean values to the total standard
deviation of the two rails in a received eye diagram. I, and I, denote the mean values, and o, and
o, denote the standard deviations of probability density function (PDF) for bit 0 and bit 1 respectively.
Q becomes small for poor signal quality that corresponds to higher BER. Note that this approach can
provide sufficient accuracy in BER estimation for an On-off keying (OOK) system under the
assumption that the noise distribution follows Gaussian approximation. However, for phase-

modulation format, Chi-squared approximation is alternatively used.
1.5.4. Spectral Efficiency

The spectral efficiency (SE) of an optical communication system is the net bitrate (useful information
rate excluding error-correcting codes) or the maximum throughput divided by the bandwidth in hertz

of a communication channel and is given by:


https://en.wikipedia.org/wiki/Communication_channel

C . (1.5)

where C is the capacity per channel with unit of bits per second (b/s) and Af is the channel spacing.
Spectral efficiency is very important in fiber optics, since the spectral bandwidth affects the number of

channels occupied in a single fiber and must be maximized.
1.6. Motivation

One of the important changes in fiber-optic communication systems brought by EDFAs is the
expansion of long haul communication link upto transoceanic distances. However, a new problem
results which is the accumulation of fiber nonlinearities along the links through multiple cumulative
ASE noise of the line amplifiers. Further, the high optical power levels available from EDFAs makes
system performance more vulnerable to various nonlinear effects. In a multi-channel system, the effect
of fiber non- electrical signal linearities should be addressed more precisely to understand inter-channel
effects along with intra-channel effects. While the other two conventional limiting factors in designing
optical communication systems, namely, fiber loss and dispersion, are relatively well understood, and
can be easily overcome by optical amplifiers and dispersion compensation, but the fiber nonlinearities
have not been fully analyzed and understood despite a rich collection of literature dealing with fiber
non-linearities. Therefore, it is crucial to understand fiber nonlinearities and their effects on fiber-optic
communication systems, especially for a multi-channel high speed link. In optical communication
systems, the input signal to the fiber is usually a composite optical signal modulated with information
bit streams. When all the input signal frequencies interact due to fiber nonlinearities, the output bit
stream may behave in a complicated way resulting in adverse effects on system performance due to
pulse shape and spectrum distortion. This thesis studies and mathematically models nonlinear
interactions among channels of modern high bit rate (amplitude/ phase modulated) optical systems
along with simulation of such systems to gain intuitive understanding. The key objective of the work
is to develop analytical models to characterize fiber nonlinearities and use it to understand signal
propagation and enhance transmission reach. Modeling of various optical components such as SMF
and dispersion compensating fiber (DCF) is also attempted mathematically and supported with a

corresponding Simulink model.

The migration from 2.5 Gbps system to 10 Gbps DWDM systems was achieved by encompassing the
improved laser and optical transmitters employing OOK modulation and direct intensity detection at



the receiver. However, for upgradation to 40 Gbps DWDM network, just an improvement in optical
devices no longer suffices and needs some modern communication techniques such as advanced
modulation formats need to be experimented with. The motivation of the work performed is to study,
analyze and implement different advanced modulation formats at 40 Gbps data rate. The modeling and
simulation investigations have been performed to measure their performance characteristics regarding
their sensitivities, CD tolerance, and spectral bandwidth and compare them with each other. Both
Intensity Modulated and Phase Modulated formats have been studied in this thesis viz., CSRZ, DRZ,
MDRZ, DPSK and DQPSK. All these modulation formats offer higher spectral efficiency compared
to the binary Non-Return-to-Zero amplitude modulation (NRZ).

In the literature, these formats have been studied for WDM systems having 50 GHz channel separation
[73-75], but with up to 16 channels or at a lower data rate [76-80]. Moreover, an integrated study of
complete link design for distance optimization has not has not been much emphasized in literature.
Here, in the present analysis, an attempt has been made to improve the bandwidth efficiency of the
channel and find the most suitable format for an optimized transmission distance operating at 40 Gbps
for 32 channel DWDM system each having 50 GHz channel spacing as an integrated approach. The
study also explores the potentiality of the integration of unequal channel spacing for suppression of
FWM in such optical links. Further the applicability of 40 Gbps system in UDWDM is also a crucial
design issue to be investigated. An alternate polarized DQPSK modulated UDWDM system to evaluate
its resilience to XPM and fiber nonlinearity has also been explored in the later portion of the thesis.
The results obtained in this thesis gives the reader or system designer useful information that can be
used to choose between different modulation formats to match the requirements of a specific optical

transmission system for short to medium reach transmission applications.
1.7. Objectives

1. To understand signal propagation and investigate the various linear and non-linear channel
impairments using linear piece-wise models to optimize optical network performance.

2. Investigation of various intensity and phase modulation formats based on application and their
influence on non-linear channel impairments.

3. (i) Design and simulate long haul transmission link with various modulation formats to study
the performance of each format under various transmission impairments and varying channel

spacing using OptiSystem software.



(i) Develop suitable non-linear mathematical model for optical link analytically using
Simulink.
4. Investigate spectrally efficient modulation formats for UDWDM systems and increase the
transmission distance in presence of impairments.
1.8. Methodology

To analyze the performance of DWDM systems in the presence of fiber non-linearities various
analytical models, based on the solution of the nonlinear Schrodinger equation (NLSE), have been
proposed in most of the reported work. In general, it is not possible to solve the equation analytically.
Conventional ways of analyzing fiber nonlinearities either rely on pure numerical methods such as the
split-step Fourier method (SSFM) or rely on analytical solutions with over simplifications such as the
assumption of non-linearity alone. Modeling and theoretical analysis of DWDM system, though
interesting is quite complicated, as it involves expertise in physical theory of optical dispersion, laser
and photo detector conversion phenomena etc. Unfortunately, these analytical models can not
accurately describe the system specifications such as the total transmission distance, the number of
WDM channels and spacing between them, allowable power per channel, the amplifier spacing, etc.
Alternatively, numerical simulation of such systems can be used to rectify this problem and to
approach, experimental and realistic cases with accuracy, thus offering better insight to system design
by allowing parameter optimization of the components used in model. So we have used both the
approaches to gain a better understanding of optical systems. The analytical models are developed in
Simulink using mathematical analysis, and are a bit complex and computationally extensive. The rising
complexity of link design demands for more powerful simulation tools and faster algorithms. In this
thesis, the OptiSystem 10.0 platform has been used to simulate the dispersion and nonlinear tolerance
of a 32-channel fiber optic transmission system. Simulation test beds are developed to study and
analyze various modulation formats and infer their characteristics. Firstly, a single channel link is
designed for each modulation technique under investigation and then gradually the number of channels,
bit-rates and system complexity is increased by using different type of system components. The
performance is enhanced by various optimizations in transmitter and receiver architectures, types and
order of filters and using various dispersion compensation techniques and results are evaluated in terms

of BER, Q value and eye diagrams.

1.9. Thesis organization



This thesis is organized as follows: Chapter 1 outlines the thesis motivation and describes the
development and current state in DWDM systems. The importance of advanced optical modulation
formats and the necessity of achieving high spectral efficiency in future all-optical networks is
highlighted based on which the objectives are defined.

Chapter 2 introduces the basic concepts of optical fiber communications starting from propagation of
light in optical fibers and focuses on the factors that limit the performance of WDM systems. The
dispersion and the non-linearities of the fiber are discussed in more detail as they contribute
significantly to the factors limiting WDM. A brief discussion of the nature of these phenomena and the
modeling of XPM effect is presented. The need for dispersion compensation as a means of improving
the utilization of the bandwidth in DWDM systems is presented. The theory behind the operation of
the various components used in optical communication systems and their corresponding mathematical
modeling is also discussed. The chapter reviews the basic of optical transmitter, receiver, and common
transmission impairments as well as compensation techniques in optical networks. The background

knowledge in this chapter will help in the understanding of technology proposed in this thesis.

Chapter 3 gives a classification of various intensity modulated advanced modulation formats. In
addition to the conventional direct modulated optical transmitter, the operation behind MZM is also
explained. The employed transmitter and receiver architectures of CSRZ, DRZ and MDRZ format
are described and simulated at 40 Gbps, and, a performance comparison is presented. The effect of

FWM suppression using unequal channel spacing in also presented.

In Chapter 4, transmitters and receiver architectures for the advanced phase modulation formats such
as DPSK and DQPSK are presented, and a 32 channel DWDM system is designed and analyzed by
numerical simulations at 40 Gbps. The results highlight the superiority of DQPSK format over the
other studied schemes. Further, a Matlab Simulink model of a single channel DQPSK modulated link
has been developed to get a better physical intuition of the transmission characteristics of DQPSK
signaling in a realistic optical link. The simulation model considers the different optical components
used in link design with their behavior as represented initially by theoretical interpretation in Chapter
2. The included transmitter topology, MZM module, propagation model for optical fibers and the

receiver block set enables to realize an operational experimental WDM configuration.

In Chapter 5, we further explore the suitability of DQPSK format for UDWDM scheme. An UDWDM
system based on DQPSK format and supporting 32 channels, each operating at 40 Gbps and spaced at



25 GHz is studied numerically for long-haul optical communication system using OptiSystem
simulator to estimate OSNR penalties to mitigate XPM effects. The work discussed in this thesis shows
that multi-level modulation formats enable long-haul transmission systems. Proper dispersion
management improves the transmission tolerances, simplifies system design and allows these formats

to be used on the existing infrastructure of systems optimized for 40 Gbps transmission.

Chapter 6 summarizes and discusses the important finding of this thesis and also gives possible
suggestions for the further research with respect to the DSP based techniques for improvement in

spectral efficiency and transmission reach.



Chapter 2

Narrow Pulse in Optical Link: System Modeling

When an optical pulse travels inside the fiber, due to its intensity fluctuations and variations in the
effective refractive index of the medium along the fiber length, various temporal disturbances are
created. These temporal and spatial changes in the pulse lead to various linear and nonlinear
impairments. Different wavelength components of the pulse travel at different speeds and result in
pulse dispersion, distortion and signal interference at the receiving end. The performance of long-
distance optical communication systems is thus limited due to the interactive and accumulative effects
of chromatic dispersion and nonlinear phenomena [81]. As the signal propagates over the fiber, the
OSNR deteriorates with the increase in signal bandwidth, requiring an increase in the launched power
of optical signal, further inviting nonlinear fiber effects [4]. The problem is particularly critical for
systems operating at 40 Gbps or higher as it means transmitting pulses are as narrow as 25 ps.
Moreover, as the data to be transmitted is encoded in amplitude, frequency or phase of the optical pulse,

preserving the pulse shape is of paramount importance especially in long haul transmission systems.

In a single channel system an effective solution is to use solitons which preserve pulse shape by counter
balancing SPM and GVD (Group Velocity Dispersion) effects and thereby facilitate to achieve larger
distance. However, such multiple propagating pulse trains in a multichannel WDM environment gives
rise to a very complex channel dynamics and it becomes too complicated for a system designer to
understand. Although the power in each individual channel maybe below the required threshold value
to produce nonlinearities, but the accumulative effects of all channels can initiate non-linear
complexities significantly [82,83]. As the number of channels is increased and the frequency separation
between the channels is reduced, these detrimental effects become quite significant and need to be
clearly understood and analyzed to achieve satisfactory system performance. With this aim in this
chapter, first an overview of the pulse propagation in an optical fiber and the various impairments an
optical fiber is subjected to is discussed. Then a generic system model is presented to provide an in-
depth description of various system components used in an optical communication link. The system
components and the various impairments that the link is subjected to are mathematically modeled to

get an intuitive understanding of the functioning of the link and influence of the interplay between



various propagation effects. It was seen that even modeling of a single channel optical system is quite
tedious and needs a huge simulation run time, making it very challenging and time consuming for the
case of a DWDM system. So in the present study, a simple mathematical model for a single channel
has been attempted to gain insight into pulse propagation in an optical communication link. However,
the DWDM link supporting large channels has been studied with suitably designed system models
using Optisystem 10.0 simulation package and discussed in detail in chapter 3, 4 and 5.

In its simplest form, an optical fiber consists of a central glass core surrounded by a cladding layer
whose refractive index n, is slightly lower than the core index n, [4] as shown in Fig. 2.1. To gain an
insight of the evolution of optical field in the optical fiber, it is necessary to consider the theory of
electromagnetic wave propagation in dispersive nonlinear media and use this for channel modeling.
Like all electromagnetic phenomena, the propagation of optical fields in fibers is governed by
Maxwell's equations [84] under suitable boundary conditions at core cladding interfaces.
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Fig. 2.1: Physical structure of the optical fiber.
2.1. Signal Propagation in Optical Fibers

When the optical intensity inside an optical fiber increases, the refractive index of the fiber gets
modified. The wave propagation characteristics then become a function of optical power. Unlike linear
fiber optics, where the propagation constant is a function of fiber and the wavelength only, the
propagation constant now becomes a function of optical power in addition to the other parameters.
Inside a SMF, an optical power of few tens of milliwatts may drive the medium into non-linearity [8,
9]. Since the non-linearity affects the signal propagation as a whole, therefore it becomes important to
visualize the related impairments and represent them in mathematical models to explore the signal
transmission behavior. The propagation of optical signals in SMF is governed by Maxwell’s equations

which lead to the wave equation given as:
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where E is the electric vector, u, is the vacuum permeability, c is the speed of light, and P is the
polarization density field. In very low optical power regime, the induced polarization shows a linear
relationship with E as given by

P,(rt) = o foo X(l)(t — t’).E(T, t’) dt’ ..(2.2)

where &, is the vacuum permittivity, and ¥V is the first order susceptibility. Fiber nonlinearities can

be accounted for by splitting the polarization in two parts.
P(r,t) = PL(rl t) + PNL(rJ t) (23)

where Py, (r,t) is the nonlinear part of the polarization. In silica fiber, the nonlinear part of the
polarization is contributed by the third order susceptibility y3 [11] which is a fourth rank tensor, and
has up to 81 independent terms, however in an isotropic medium such as SMF, the number of such
terms reduces to 1. Certain assumptions are generally made to arrive at a simple solution of Eq. (2.1)
such as (i) we treat Py, as a small perturbation of P,, and maintain the field polarization along the
fiber length (ii) index difference between core and cladding is very small (weakly guiding
approximation), and the center frequency of the wave is assumed to be much greater than the spectral
width of the wave (known as quasi-monochromatic assumption) leading to the slowly varying envelope
approximation in time domain. Assuming the input electric field to be propagating in the +z direction

and polarized in the x direction, Eg. (2.1) can be written as [4]:

%A(z, t) = — %A(z, t) (linear attenuation)
. B, 02 . .

+j 7EA(Z, t) (second order dispersion)
ps 9° : -

+ ?EA(Z, t) (third order dispersion)

—jy|A(z, t)|?A(z, t) (Kerr effect)

+¥Tr = 1A(z, D)|?A(z,£) (SRS)



_ wL% |A(z, t)|?A(z, t) (self-steepening effect) ... (2.4)
0

where A(z, t) is the slowly varying envelope of the electric field, z is the propagation distance, t =
t'— z/v, (t'= physical time, v, is the group velocity at the center wavelength), « is fiber loss/km, S,
is the second order propagation constant ([ps?/km], S5 is the third order propagation constant
([ps*/km]), y is the nonlinear coefficient given by 2mn,/ApA.f ¢, n, is the nonlinear index coefficient,
A.sr s the effective core area of fiber, 4, is the center wavelength, w is the center angular frequency

and Ty is the slope of the Raman gain ( ~ 5 fs). Eq. (2.4) is commonly known as the generalized Non-
linear Schrédinger Equation (NLSE), and is applicable for propagation of pulses as short as ~ 50 fs
which translates to a spectral width of ~20 THz. For pulses with width greater than 1ps, Eq. (2.4) can
further be simplified as the Raman effect term and the self-steepening effect term become negligible
compared to the Kerr effect term [11] and is given by:

0A i 0°A «a _ ..(2.5)
3, _E'BZW_EA + iylAI*A

The third order dispersion term is also neglected in Eq. (2.5), as it is inconsequential compared to the
second order dispersion term unless we operate near the zero-dispersion wavelength. Though it acts as
a propagation equation in contemporary optical communication systems with a fairly good accuracy
but being a nonlinear partial differential equation it generally does not have an analytical solution when
both the nonlinearity and the dispersion effect are present, except in the very special case of soliton
transmission. Thus, a numerical approach/algorithm is vital to perceive various signal impairments
during pulse propagation [85, 86]. Most of the simulators use SSFM to replicate optical pulse evolution
over fiber as it offers good accuracy and relatively modest computing cost. In standard SSFM method,
the fiber span is divided into many short sections and the dispersion operator and the nonlinear operator
are treated separately in each section. Considering a fiber of length L, the output envelope A (z =L, t)
can be calculated by dividing the fiber into small segments of length dz and applying the split-step
Fourier algorithm to each one segment as shown in Fig. 2.2. The algorithm is briefly discussed in this
section. Here, Eq. (2.5) can be expressed as

0A(z t)

o — = (L+N)A@z 1) .. (2.6)
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where L = —% 1 ,82 66—2 is the linear operator that accounts for attenuation and absorption, and N is

the non-linear operator, N = jy|A(z, t)|?, and governs the effect of fiber non-linearities.
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Fig. 2.2: Symmetric split-step Fourier algorithm.
An approximate solution to Eq. (2.6) is obtained by making the following assumptions:
I. The dispersive and non-linear behavior acts independently of each other.
I. A small distance Az , accurately describes the optical field during propagation.

When the electric field envelope, A(z, t), has propagated from z + Az , the analytical solution of Eq.
(2.6) is given by:

A(z + Az, t) = exp ((Az)(f + IV))A(Z, t) -« (2.7)
Assuming that the two operators commute with each other we obtain
Az + Az, t) = exp(Azi) exp(Az]V)A(z, t) ..(2.8)

Hence, A(z + Az, t) can be predicted by applying the two operators independently. The simulation
time of EqQ. (2.8) depends greatly on the size of Az. If Az is sufficiently small, Eq. (2.8) gives a fairly

good results and hence Az is usually chosen such that the maximum phase shift ¢,,,4,( ~ y|Ap|Az,

with peak value of A(z, t) as A,) due to the non-linear operator is negligible (generally ¢,,,, < 0.05



rad ). Simulation time is further reduced by using a more refined algorithm, known as symmetric SSFM
[11, 87] which is expressed mathematically as below:

z+Az ..(2.9)
Az . e, Az
A(z + Az, t) =~ exp (7 L) exp f N (z)dz |exp (7 L) A(z,t)
z
While Eq. (2.9) assumes that nonlinearities are lumped at every Az i.e. at the segment boundary, Eq.
(2.10) treats nonlinearities to be distributed throughout the segment, which is more realistic. When Az

is sufficiently small, the evaluation of the nonlinear operator is approximated as:

244z N . (2.10)
f N (z)dz = 7[N(z) + N(z + Az)]

Z

However, Eq. (2.10) requires iterative evaluation because N(z + Az) is not known atz + Az/2.
Initially, N(z + Az) will be assumed to be the same as N (z). Although the iterative evaluation is time-
consuming, the improved numerical algorithm allows us to use larger Az than that of Eq. (2.8), which

results in saving overall computational time.
2.2. Linear Effects

The optical fiber is often seen as a perfect transmission medium with almost limitless bandwidth, but
in practice the propagation through optical fiber is beset with several limitations especially as distance
is increased to multi-span amplified systems. As the transmission systems evolve to longer distances
and higher bit rates, the linear effect of fibers, which is the attenuation and dispersion, becomes the
important limiting factor. As for DWDM systems that transmit multiple wavelengths simultaneously
at even higher bit rates and distances, the nonlinear effects in the fiber present a serious limitation. The
success of high bit rate long haul point-to-point optical transmission networks depends upon how best
the linear and nonlinear effects are managed. This section briefly highlights the various fiber induced

impairments and their influence in restricting the achievable capacity of the transmission link.
2.2.1. Optical Loss

Attenuation is a result of the various material, structural, and modular impairments in a fiber and

severely affects signal propagation and limits the transmission distance in fiber [6]. When the optical



signal propagates over fiber, its power is lost and its amplitude is reduced due to material absorption

and Rayleigh scattering. This power reduction is referred as attenuation and can be expressed as:

dP
ar_ (211
dz

where « is the attenuation coefficient. The solution of this equation provides P,, . after a length of

propagation of L (km) for a given input optical power P, given as:
Pour = Pin exp(—al) . (2.12)

This residual power at length L is due to the accumulative extrinsic and intrinsic linear loss of the
channel. Modern telecom fibers exhibit an attenuation constant below 0.2 dB/km near 1.55 pm
wavelength band where the attenuation is nearly minimum [2, 88] over a bandwidth of several THz

and appropriate attenuation factors have been considered in simulation and modeling evaluations.

2.2.2. Amplified Spontaneous Emission Noise (ASE)
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Fig. 2.3: ASE accumulation and OSNR reduction in an amplified transmission system

In a long haul optical communication system cascading of multiple optical amplifier stages plays an
important role. ASE is the dominant noise generated in such optical amplifier due to the spontaneous
recombination of electrons and holes in the amplifier medium. The nonlinear interaction between the
ASE noise from optical amplifiers and the signal, results in amplification of ASE noise during

propagation as shown in Fig. 2.3. The amount of noise generated by the amplifier depends on factors



such as the amplifier gain spectrum, noise bandwidth, and the population inversion parameter, which
specifies the degree of population inversion that has been achieved between two energy levels.

When multiple optical amplifiers are cascaded to periodically compensate for fiber loss, ASE further
builds up in the system. This noise build-up reflects in the form of OSNR, which degrades with every
amplifier along the propagation path and such accumulated noise also gets converted into phase noise
leading to system degradations. The OSNR is typically defined as the average optical signal power
divided by the ASE power, measured in both polarizations and in a 12.5 GHz optical reference
bandwidth. Optical amplifiers based on erbium-doped fibers provide higher gain, larger optical
bandwidth, and low-noise figure (NF) [3, 8] and have been considered in this study.

2.2.3. Dispersion

Dispersion refers to the broadening of the optical pulse while it traverses along the fiber. Fig. 2.4 shows
how dispersion limits the information capacity by causing short pulses to become wider resulting in

serious Inter Symbol Interference (1SI), and thus degrades the performance severely.
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Fig. 2.4: Limitation of dispersion on information capacity

SMFs effectively eliminate inter-modal dispersion by limiting the number of modes to just one through
a much smaller core diameter satisfying single mode condition. However, the pulse broadening still

occurs in SMFs due to intra-modal dispersion which is described in the next sub-section.
2.2.3.1. Chromatic Dispersion

When an electromagnetic wave interacts with the bound electrons of a dielectric, the medium response,
in general, depends on the optical frequency ®. This property manifests through the frequency
dependence of the refractive index n(®) and causes different spectral components associated with the
pulse travel at different speeds resulting in the pulse to broaden in time domain. This phenomenon

occurs due to group velocity dispersion or chromatic dispersion and plays a momentous role in pulse



propagation in the optical fiber. Assuming the spectral width of the pulse to be Aw, the pulse broadening
at the output of the optical fiber is approximated as [89]

d?p ..(2.13)
AT ~ LWA(U = L,BZA(A)

where 3, = 2275 is known as GVD parameter and L is the fiber length. It is evident from Eq. (2.13),
that the amount of pulse broadening is determined by the spectral width of pulse, A and the value of
GVD parameter. This dispersion-induced spectrum broadening is very important even without
nonlinearity for high data-rate transmission systems and it limits the maximum error-free transmission
distance. Since dispersion depends on B and w, to account for these effects of dispersion
mathematically, the Taylor expansion series of the mode-propagation constant B about the carrier
frequency w, is considered to visualize the higher order dispersion coefficient contribution. This
expansion is expressed as,

1 1
B(w) =.30+(w—wo)ﬁl+E(w_w0)2ﬁ2+g(w_wo)3ﬁs+_“ .. (2.14)

where,
d"p

n
dw wW=wy

b= |

In this expression f; is the inverse group velocity, and S, is the second order dispersion coefficient
and S5 term indicates the third order dispersion parameter and represents the dispersion curve slope.
The second order propagation constant, 3, [ps?/km], accounts for the dispersion effects in fiber-optic
communication systems and depending on its sign, we can classify the dispersion into two regions,
normal ( 8, > 0) and anomalous ( 8, < 0). Qualitatively, in the normal dispersion region, the higher
frequency components of an optical signal travel slower than the lower frequency components and the
reverse occur in the anomalous dispersion region. Fiber dispersion is often characterized by a
parameter, D [ps/(nm.km)], commonly known as dispersion parameter and depends on the fiber and

source parameter [2, 56-57] by the following expression:

D =D, +D, ..(2.15)



where D,, and D,, correspond to the material and waveguide contributions respectively. If the source
is characterized by a spectral width AA, then each wavelength component within A travels with a
different group velocity resulting in pulse broadening. This broadening is given by

dr L _d*n ..(2.16)

At = HAA = —EAWAA

which results in the material contribution to be given by:

ldt Ad?n .. (2.17)

bn=Ta17= ~Car

while the waveguide contribution for a step-index fiber is given by

noh (| d*(bV) ..(2.18)
v < dv? >

where V is the normalized waveguide parameter defined by

2 ..(2.19
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and b represents the normalized propagation constant of the mode

b _ ‘I’lgff - ‘I’l% ann (2.20)
nf —n2

with ni and n2 being the refractive indices of core and cladding and nesr is the effective refractive index.

Waveguide dispersion can be understood from the fact that the effective index of the mode depends on
the fraction of power in the core and the cladding at a particular wavelength. As the wavelength
changes, this fraction also changes. Thus even if the refractive indices of the core and the cladding are
assumed to be independent of wavelength; the effective index will change with wavelength. It is this
dependence of ness (Ao) that leads to waveguide dispersion. Since the sign of material dispersion depends
on the operating wavelength region, it is possible that the two effects namely, material and waveguide
dispersions cancel each other at a certain wavelength. Such a wavelength, which is a very important

parameter of single-mode fibers, is referred to as the zero-dispersion wavelength (Azp).



Two signals with a wavelength separation of A4 and having dispersion coefficient of D, walk-off by a

time of DAAL after a distance of L. In optical communication link, the impact of the group velocity

dispersion is conventionally described using the dispersion length ( L, = ;—"2 ) which indicates the pulse

broadening by v2 times while propagating over L, This L, length provides a scale over which the
dispersive effect becomes significant for pulse evolution along a fiber, however in case of insignificant

2
B a limiting length (L, = ;—0 ) plays an important role in signal transmission over fibers. Chromatic
3

dispersion is modeled by considering a phase change in the fiber transfer function [3]:
H(f) = exp[—i0(Aw/wg)?) ..(2.21)
where, 6 = —~2*DLw}

is the phase change due to dispersion. In this study, we consider chromatic dispersion semi-analytically
together with self-phase modulation and evaluate an eye closure penalty induced from the combination

of the two impairments.
2.2.3.2. Polarization Mode Dispersion (PMD)

For an ideal circularly symmetric fiber, both polarization states of the wave experience identical
refractive index and therefore travel at the same speed. Nevertheless, in reality the fiber core may have
asymmetric geometry causing slight refractive index difference between two polarizations, known as
fiber birefringence. This makes one polarization state propagates faster than the other which leads to
differential group delay (DGD) between two orthogonal polarizations [90]. When the propagating
signal is split between the two polarizations, it results in pulse dispersion and corresponding time delay

At characterized by PMD parameter Dy, to yield the following expression:

Atpep = Dpyp VL . (2.22)

Atpp is normally measured in ps. Dpy,p (pS/L) appears more tolerant for longer distance at a symbol
rate below 40 Gbaud. However, its stochastic behavior makes compensation difficult and also can
become a limiting propagation effect for particular fiber types and higher data-rate systems. Contrary
to chromatic dispersion, the PMD changes quickly with time [15]. These influences become important

in modeling and simulation of high speed long haul optical links. The PMD introduces dispersion and



during the propagation through the channel results in some power penalty (8ppp) Which can be
modeled using [6]:

where L is the fiber length and B is the signal bit rate. This gets worsened for a long haul link and the

upper bound on the maximum length of an M-link segment can be defined by

" . (2.24)

Z(DPMD,Z)Zdl x %

i=1

where f is a fraction of the bit duration (typically 0.1). These models have been used in our simulation
study to investigate the effect of PMD.

2.3. Nonlinear Effects

The optical fiber medium can only be approximated as a linear medium when the launch power is
sufficiently low. However, in long-haul fiber optic transmission system using wideband WDM, to
combat accumulated noise added by the amplifier chain along the transmission fiber link, the launch
power must be increased to keep SNR high enough for the error-free detection at receiver. As the
launch power increases, the nonlinearity of fiber becomes significant and leads to severe performance
issues. Nonlinear effects in optical fibers are mainly due to two causes. One root cause lies in the fact
that the index of refraction of many materials, including glass, is a function of light intensity and the
phenomenon is called the Kerr effect. The second root cause is the non-elastic scattering of photons in
fibers, which results in stimulated Raman and stimulated Brillouin scattering phenomena. One major
difference between scattering effects and the Kerr effect is that stimulated scatterings have threshold
power levels at which the nonlinear effects manifest themselves while the Kerr effect doesn’t have such
a threshold. These non-linear effects play an important role in the system modeling and simulation

studies and therefore in the next subsection we present a brief discussion of various non-linear effects.
2.3.1. Stimulated Scattering

The stimulated Brillouin scattering is a single-channel effect caused by the interaction between the

optical signal and sound waves in the fiber. The result is that power from the optical signal can be



scattered back towards the transmitter and deplete the forward going power in the link. The SBS effect
has a high threshold, which also increases with the signal bandwidth. Therefore, as long as the signal
power in the WDM channels does not exceed the threshold, the SBS does not cause significant impact

on the system [91] and hence is not considered in this thesis.

Stimulated Raman Scattering (SRS) is the nonlinear parametric interaction between the optical signal
and optical phonons of silica molecules present in the optical fiber. This interaction can lead to the
transfer of power from shorter wavelength, higher photon energy channels, to longer wavelength, lower
photon energy channels. This effect becomes more significant when the WDM signal bandwidth is

broad and the power is increased [12] and hence is not studied in much detail in this thesis.
2.3.2. Optical Kerr Effect
The refractive index of silica fiber is weakly dependent on optical intensity, and is given by [14] as,

..(2.25)

n(w,P) = ny(w) + n,
Aers

where n, is the linear part of the refractive index, n, is the Kerr coefficient with typical value of 102°
m?/W, P is the optical power, and A, is the effective core area. In spite of the intrinsically small
values of the nonlinear coefficients in fused silica, the nonlinear effects in optical fibers can be observed
at relatively practical operating power levels. This is possible because of two important characteristics
of SMF: (i) a small effective core area and (ii) extremely low loss (< 1 dB/Km). The dependence of the
refractive index on the light intensity results in the propagation constant, 3, and the same can be written

as

2nn, ..(2.26)
P
AAeff

B(w,P) = Bo(w) +

where B,(w) is the propagation constant in the absence of nonlinear effects, and

y = 2mn, ...(2.27)

is known as the fiber nonlinear coefficient. The total nonlinear phase shift (¢, due to the Kerr effect

after the distance L is given by



L ..(2.28)
by = f [,8 _,Bo]dZ
0
This ¢, can be expressed in fiber with an attenuation coefficient by the following equation
L 1 —exp(—alL L . (2.29
dw, = ¥Po ] exp(—az) dz = yPy —— S0 _ Lers (2:29)
0 a Lyi
where,
1 — exp(—al)
Lep = .
is the effective length, and
1
Ly, =—
NL yPO

is the nonlinear length. Physically, the nonlinear length Ly, indicates the distance at which the
nonlinear phase shift reaches 1 radian, and it provides a length scale over which the nonlinear effects
become relevant for optical fibers. It can be seen from Eq. (2.29) that the fiber nonlinear effect enhances
when L, decreases, or equivalently power P, increases. There are three types of important fiber
nonlinearities due to the Kerr effect (i) SPM) (ii) XPM, and (iii) FWM and have been considered in the

thesis.
2.3.2.1. Self-Phase Modulation (SPM)

SPM is a single channel effect and refers to the self-induced power dependent phase shift experienced
by an optical field during its propagation in the optical fiber. The power-dependent refractive index
causes a nonlinear phase shift proportional to the signal power and the effective length. This nonlinear
phase shift modulates the phase of signal itself and therefore is called self-phase modulation. SPM

induced phase shift is defined as
Bspm (2,t) =y Py .. (2.30)
This time-dependent phase variation leads to a frequency shift given by:

Gl d ..(2.31)

5f(t) = T —Y-Leffa|5|2



implying the spectral broadening effect where the leading edge of the pulse produces red shift and the
trailing edge of the pulse produces blue shift. In the presence of chromatic dispersion SPM causes
temporal pulse broadening (in normal dispersion regime (5, > 0), or pulse compression (in anomalous
dispersion regime (5, < 0) even in a single channel system. Therefore, in a multichannel DWDM
system as this spectrum broadening is significant and leads to crosstalk between neighboring channels.
The combined effects of SPM and chromatic dispersion can be approximated analytically, instead of
solving the NLSE. We assume that the transmitter has an extra frequency chirping that causes the same
amount of distortion as if there was in transmission through a nonlinear optical fiber (causing the same
amount of distortion due to chromatic dispersion). The frequency chirping of the transmitter can be
modeled as [2]:

N . . N
k PlDl . 1 Pl ey (2.32)
Ospm = ) Yi ( - {ll - (1- e_aili)} + o Z Ik Dk(l — e_aili)>

at a i
i=1 k=i+1

where k is the chirp parameter, B is the total chromatic dispersion of the link, N is the number of fiber
segments, P the input power of each segment, D the chromatic dispersion, o the attenuation and | the
length of the respective segment. These effects have been appropriately modeled and managed using

suitable optical components and subsystems in the simulation studies

2.3.2.2. Cross Phase Modulation (XPM)

While SPM is the effect of a pulse on its own phase, XPM is a nonlinear phase shift due to optical
pulses in other channels or from other state of polarization. The XPM effects are quite important for
WDM lightwave systems since the phase of each optical channel is affected by both the average power
and the bit pattern of all other channels. In WDM systems, the nonlinear phase shift in k—th channel
can be written as:
N .. (2.33)
by = VLeffPo(k) +2 Z VLeffPo(h)
h=1,h#k
where Po(k)denotes the peak power in kth channel. The first term is the SPM and the second term

denotes the contribution of XPM. In deriving Eq. (2.33), Po(k) was assumed to be constant. In practice,

time dependence of Po(k) makes ¢, to vary with time. In fact, the nonlinear optical phase shift changes



with time in exactly the same fashion as the optical pulse due to SPM. It can be seen from Eq. (2.33),
that the XPM induced phase shift is twice of SPM when the optical power of all the channels is equal.
XPM causes asymmetric spectral broadening of optical pulses, timing jitter and amplitude distortion in
time domain and induces power penalty at the receiver end. Therefore, proper modeling and
management of such impairments becomes an important issue especially in the case of WDM systems
and is discussed in detail later.

2.3.2.3. Four Wave Mixing (FWM)

FWM is due to multiple signals causing variations in refractive index at their difference frequencies.
The refractive index then modulates the original carriers to produce sidebands at new frequencies. For
WDM systems, with carrier frequencies of f3, f>, f3 a signal at new frequency fi,3=f; + f,—_f3 can be
generated by FWM, which leads to serious performance degradation when the newly generate
frequency components fall into other WDM channels.

For a single carrier system, when the pulse has a strong broadening due to chromatic dispersion, the
nonlinear mixing of overlapped pulses generates ghost pulses in neighboring time slots due to intra-
channel four wave mixing (IFWM), which is one of the dominant penalties for high bit rate fiber optic
systems [92, 93]. The difference between FWM and IFWM is that echo pulses appear in time domain
instead of in frequency domain. When the WDM channels are equally spaced, FWM causes nonlinear
crosstalk. One way to manage the FWM is to use unequal channel spacing so that the mixing products
do not coincide with signal frequencies and has been used in this work. Another very effective way is
fiber dispersion management method. This method is also effective for SPM and XPM [13] and is

discussed in detail in the next section.
2.4. Dispersion Compensation Techniques

In fiber optic communication systems, information is transmitted over an optical fiber by using a coded
sequence of optical pulses, whose width is set by the bit rate B of the system. Dispersion-induced
broadening of pulses is undesirable as it interferes with the detection process, and it leads to errors if
the pulse spreads outside its allocated bit slot (Tg = 1/B). Clearly, GVD limits the bit rate B for a fixed
transmission distance L. The dispersion problem becomes quite serious when optical amplifiers are

used to compensate for fiber losses in case of long-haul systems. The implementation of fiber dispersion



compensation can be done at the transmitter, at the receiver or within the fiber link. In this section,

several dispersion compensation techniques have been briefly discussed.

An ideal dispersion compensator must have a quite stringent list of characteristics. Regarding the
chromatic dispersion, it has to be well matched to the transport fiber, have a smooth dispersion profile
(i.e. no dispersion ripples or group delay ripples), be tunable, reliable and provide acceptable
characteristics or the range of operating channels. The ideal compensator must also be compact, provide
low insertion loss and be capable of handling high optical power. [19, 94]. Obviously, in a practical
design of a dispersion compensator suitable trade-offs must be made between the different
requirements. The main technologies are dispersion compensating fiber, Fiber Bragg gratings, etalon
filter and optical phase conjugation. Furthermore, Electronic Dispersion Compensation (EDC) and
advanced modulation formats have also emerged as an attractive solution due to the high dispersion

tolerance [95].

All recently deployed optical communication systems employ dispersion management, in which the
dispersion varies periodically. Each period consists of a concatenation of several fiber spans with
different local fiber dispersions, and the variation of dispersion in one period is referred to as the

dispersion map. The dispersion map is characterized by the average map dispersion D,,,,,. For a map

consisting of two fiber links, D,,,, given by:

D,L, + D,L, .. (2.34)

D =
map Li+L,

where D, and D, are dispersion of the first and the second sections of the map and L, and L, are the
corresponding fiber lengths. If D,,,,,, # 0 then the residual accumulated dispersion is compensated at
the terminals by means of extra links of fiber known as pre and post-compensation fibers. It is typically
beneficial to operate the system at non-zero average dispersion as has been implemented in this thesis
in Chapter 3. Using dispersion pre-compensation results in spreading out the optical pulses initially,
which reduces the effects of four-wave mixing and cross-phase modulation. However, excessive
spreading leads to intra-channel four-wave mixing [60]. This tradeoff determines the optimal value
0f Dpnqp, Which we will discuss further in this section. The amount of both the pre- and post-
compensation dispersion must be carefully chosen to avoid intra-channel cross-phase modulation [47],
[61-62].
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Fig. 2.5: A transmission span with a DCF

Conventional optical systems employ a dispersion management scheme that places a dispersion
compensation module (DCM) at the amplifier site to negate the dispersion of the transmission link. A
DCM could be a DCF with the reverse sign of GVD parameters as that of the transmission fiber, or an
optical filter with inverse transfer function of the fiber channel. A typical transmission fiber (TF)
consists of the standard SMF with anomalous dispersion at 1550 nm and the DCF placed at the optical
amplifier site within a double stage amplifier and is shown in Fig. 2.5. Here f,; L4, [,,,L, are the
GVD parameter and length for SSMF and DCF, respectively. It can be shown that the total transfer
function of SSMF cascaded with a DCF is given by

jw? ..(2.35
Hspan(w) = exp ]%(,8211'1 + .BZZLZ) s(t) ( )

It is evident from Eq. (2.35), that the perfect dispersion compensation is realized if

P21l + B22L =0 ...(2.36)

Therefore, the optical pulses at the receiver are not broadened negating the I1SI due to dispersion. Since
B4 1s negative (anomalous GVD) for standard fibers, therefore DCF must have normal dispersion f3,,
> 0, such that the accumulated dispersion becomes zero. The DCF with large positive value of GVD
have been developed for the sole purpose of dispersion compensation in order to keep L, as small as
possible. The use of DCFs provides an all-optical technique that is capable of overcoming the
detrimental effects of CD in optical fibers at lower average signal power under negligible nonlinear

effects and the same has been studied in this thesis [96].

This scheme is quite attractive but suffers from two problems. First, insertion losses of a DCF module
typically exceed 5 dB. This insertion loss can be compensated by increasing the amplifier gain but only

at the expense of enhanced ASE noise. Second, because of a relatively small mode diameter of DCFs,



the effective mode area is only ~ 20 pum 2. As the optical intensity is large inside a DCF at a given input
power, the nonlinear effects are considerably enhanced. These limitations put constraint and challenges
on the use of DCF in the long-haul fiber links. Since the early 1990s, there has been great interest in
using electronic equalizers as replacements for optical dispersion compensating modules at the
receiver. Compared with the optical counterpart, the EDC has the advantages of lower cost and ease of
adaption. In a transmitter based dispersion compensation scheme, fiber dispersion can be managed by
pre-distorting the input pulses before they are launched into the fiber link. Koch and Alferness
presented a technique in 1985 to compensate fiber dispersion using the synthesis of pre-distorted signal
[97]. The pre-chirped Gaussian pulse with the chirp parameter C > 0 such that Cf2 < 0 in a single mode
optical fiber with typical B2 = —21 ps?/Km enables the dispersion induced chirp to canceled out the
intentionally induced chirp in the input pulses. However, with the advances in the performance of high-
speed devices since 1990s, the pulse pre-distortion can be done in electrical domain using DSP for the

bit rate of 10 Gbps and above to implement the dispersion management in optical transmission systems.

The pre-compensating scheme lacks in exact dispersion compensation even if the transfer function of
the fiber link is fully known. The optimum performance of the dispersion compensation is still hard to
reach due to linear and nonlinear phase distortions in the channel, interaction with dispersion and
change in pulse shape delay response. To avoid prior-knowledge of the fiber link setup requirement
and achieve optimum dispersion compensation, the dispersion compensation strategy shifted from the
transmitter to the receiver side and these schemes are called dispersion post compensation or receiver
based dispersion compensation. There are several receiver-based EDC techniques. A linear equalizer
can be used between the receiver and the detector to compensate for the ISI caused by fiber dispersion.
A transversal filter (tapped delay line) is often used as a linear equalizer, and the weight coefficients
can be adaptively adjust using well known least-mean square (LMS) and zero-forcing (ZF) algorithms
[98]. For a conventional fiber-optic communication system with direct detection, due to the power-law
detection the linear EDC techniques discussed above can only partially undo the fiber dispersion
because linear dispersion-induced distortion in optical domain becomes nonlinear in the electrical
domain. Some nonlinear equalization techniques were therefore developed for direct detection [99-
100].

For a fiber optic communication system with direct detection, the nonlinearity induced by power law
of the photo-detector makes the dispersion compensation scheme more complex and less efficient.

With development of powerful DSPs during the 2000s, the difficulty in tracking the received optical



carrier phase in an optical coherent receiver was overcome by using digital carrier phase estimation
circuit [101]. Hence, the coherent receiver combined with EDC using DSP has become more practical
in past decade. Since the phase information of transmitted signal is preserved in the coherent systems,
in the other words the complex valued electrical field is fully detected at the coherent receivers, more
options are available in coherent optical systems compare to direct detection. However, due to
complexities in the DSP based coherent receiver implementation, we have considered the DCF based

pre, post and symmetric compensation schemes to simulate the link performance.
2.5. Optical Link Modeling

In an optical communication link, the information in form of optical pulse propagates through the fiber
dispersive media which modifies the pulse both in frequency and time domain in a complex way.
Dispersion, a linear phenomenon, is relatively well understood, and various effective dispersion
compensation techniques have been devised to cope with dispersion induced performance degradation
as discussed in the previous section. Fiber nonlinearities, on the other hand, have not been fully
analyzed and understood especially in the presence of dispersion [102]. Their effects on the system
performance are usually estimated by numerical simulations or by experiments. Therefore, it is
interesting to have analytical tools for the estimation of fiber nonlinearity induced performance
degradation which might give us better physical insight in designing and analyzing the optical

transmission systems.

Testing and measurement of optical systems has become more complex with the constant evolution of
such networks. Although test and measurement requirements were modest for initial systems, however,
current systems have to be more intolerant to impairments and demand more rigorous testing.
Forecasting the network demand, statistical analysis of cost, planning the layout, engineering the model
and deploying the technology is a continuous process and several issues must be considered as shown
in Fig. 2.6.
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Fig. 2.6: Steps in a network design and issues involved

Various network planning and design tools are required as the design complexity scales with network
size and traffic. To meet the demand for spectrally efficient systems operating over longer distances
we need more amplifiers, switches etc., faster line rates and several wavelength channels. The first
approach is to do a physical modeling of the system under investigation. It requires extensive lab
experiments, field trials, tests and measurements and use of system parts which are scaled down version
of a system under test. But it has various disadvantages such as it requires sufficient and skilled
manpower and high upfront investment in test and measurement equipment and network devices. If the
budget is limited only certain number of limited experiments can be performed and full exploration of
system cannot be undertaken. Hence, first a mathematical model is developed for the system under test
and extensive analytical modeling and simulation of the system is recommended before physical
implementation. This has been explained as a flowchart in Fig. 2.7. Accordingly, we have first tried to
develop a mathematical model of the single channel optical system and then used analytical modeling

and simulation tools to fully exploit and understand the system performance under various conditions.
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Fig. 2.7: Flowchart depicting modeling strategy and methodologies for studying system behavior

A typical block diagram of an optical link is shown in Fig. 2.8. The input to the optical source is
represented by coded output of a data signal generator. The source output is coupled to a transmitting
optical components block. These components may be connectors, couplers, or filters. The optical
output power is usually directly modulated by varying the drive current, but external optical modulation
is also possible. To gain understanding, the system components needed for an optical link design are
characterized by their mathematical models, which are mostly differential equations. The realization
of an accurate and practical model is a major task, which takes into consideration simultaneously the
various linear and nonlinear impairments caused at the different block levels of the optical link along
with the interplay among the different phenomena such as source chirping, CD, ASE, crosstalk, etc.
Obviously an accurate system model requires complex equations and the algorithms to solve the

mathematical linear and non-linear equations governing various components [103].
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Fig. 2.8: Typical optical link

Evidently nonlinear propagation effects in co-existence with dispersion, polarization, and attenuation
generate complex degradations in the pulse spectrum. It is interesting to note that FWM efficiency
depends strongly on the CD of the fiber; SPM can support very stable pulse propagation in the presence
of the right amount of CD; the impact of PMD can be reduced by nonlinear fiber interactions; the
polarization dependence of SRS may introduce PDG on the basis of theoretical and experimental
investigations [104]. Thus, to visualize such influences fiber modeling needs to include appropriate
nonlinear and linear phenomena to predict detrimental and beneficial interactions between these
characteristics. Non-linear effects like SPM, XPM and FWM in optical fiber combined with dispersion
induced signal broadening and additive noise, in general, make it impossible to arrive at a simple
analytical description of the system transfer function linking the received optical field to the transmitted
field. Moreover, modeling of non-linearity is very complicated due to the complex mathematical

representation of the various contributions to non-linearity.

To consider the detrimental effects outlined in the previous section, we adopted a semi-analytical model
in which signal propagation along the link is evaluated using simulation. The following sub-sections,
describe the design and implementation of an optical transmission link mathematically. The various
system components used in such an optical link are mathematically modeled. These include optical
transmitters consisting of electrical sources, optical lasers, optical carrier generators and modulators,

SMF and DCF fibers, optical amplification devices mainly the EDFAs, multiplexing and de-



multiplexing optical devices for DWDM and the optical receivers and demodulators. The first task is
to generate the pseudorandom sequences and is modeled next.

2.5.1. Generation of Pseudorandom Sequences

In a digital communication system, the information source can be modeled as a random binary
sequence, which is a statistically independent sequence of zeros and ones; each occurring with equal
probability. Pseudo-random binary sequences (PRBS) can be generated using linear feedback shift
registers (LFSR) [105], as shown in Fig. 2.9. The coefficients gi represents the tap weights and take the
values 1 for taps that are connected (fed back) and 0 otherwise.

Output

Ons 1 Ons -1 Ons -2 g2 01 Jo = 1

Fig 2.9: Linear Feedback Shift Register, Fibonacci implementation with ns Shift registers
Any LFSR can be represented as a polynomial of variable X, referred to as the generator polynomial:
GX) = gn X" + gn,_ X" + g, X572+ + g, X2 + g1 X + g ..(2.37)

Since there are ns registers, the maximum period of the output sequence iS Nsg= 2™-1. Many
communication systems use modulation formats, where more than one bit per symbol is transmitted.
In this case, the information source outputs a random sequence, where r bits per symbol are transmitted
and the elements {0, 1, .., 2r— 1} occur with equal probability. Pseudo-random maximum length r-ary
sequences can be generated by extending the binary case. Fig. 2.10 (a) shows the block diagram of the
information source. Each output a;(t) is a signal with period (2) ™. Ts, which represents the bit sequence
d; and is given by
@) ..(2.38)
a;(t) = z ak.5(t — k.T,)

k=0

where 6(2) is the dirac delta function, @ € {0, 1} and Ty is the symbol duration.



2.5.2. Electrical Signal Generation

The information source generates pseudo-random sequences, which are represented as electrical
signals. Due to the bandwidth limitation of the components, these signals have non-zero rise and fall
time. In order to correctly generate the electrical signal, each bit is modeled as a non-return-to-zero

(NRZ) raised cosine pulse given by [106]:

. ( ltl < 21— age) )
hec () = {3 [1—sin (EZT"'T‘:;)] {%(1 — age) < 1t1< Z(1+ age) } . (2.39)
0 L el > = (1 + age) )
Hee(f) = sin(nfT,) cos(agcmfTs) .. (2.40)

nfT; 11— QagefTs)?

where 0 < arc < 1 is the roll-off factor and Ts is the symbol duration.

bi(t)

Source a) Hrc(f)

Fig. 2.10: Block diagram of the information source (left) and the electrical signal generation (right).

The pulse has smooth rising and falling edges with well-defined rise and fall times 0f 0.59 Ts arc. Note
that the raised cosine pulse is defined in time domain, which differs from [107] where the spectrum is
limited to a certain bandwidth. Here the pulse is limited in time to avoid ISI. Fig. 2.10 (b) depicts the

block diagram of the electrical signal generation.

2.5.3. Laser Modeling

Optical sources generate the optical carrier through two fundamental processes: spontaneous or
stimulated emission. An atom can move from the ground state to the excited state (meta-stable state)
by absorbing the energy from an externally pumped source to achieve a population inversion. An atom

in the excited state can eventually return to the ground state either spontaneously or by stimulation and



emit a photon. These processes are called spontaneous emission and stimulated emission, respectively.
Photons generated by spontaneous emission assume frequencies within a certain line width and have
random phase and polarization state and cause ASE noise. On the other hand, stimulated emission
occurs when an incident photon causes an atom in the excited state to move from the excited state to
the ground state. The emitted photon is a copy of the incident photon and the emitted light in this
process is coherent.

Despite the mature technology of fiber lasers and amplifiers, most of the optical sources employ
semiconductor devices such as light-emitting diodes (LED) or semiconductor lasers to generate the
optical carrier. They offer several advantages: easy integration due to their compact size, efficient
conversion of electrical into optical power, good reliability, dimensions compatible with the optical
fiber core and possibility of direct modulation at relatively high frequencies [1,108]. The main
difference between LED’s and lasers is the dominant process of light emission. While LED’s emit
incoherent light through spontaneous emission, lasers generate coherent light through stimulated
emission. Therefore, they have different applications in optical communication systems. Due to its
relatively wide spectral width (30-60 nm), low cost, low output power and low modulation band-width,
LED’s are usually used in short reach optical links at data rates lower than 5 Gbps and distances up to
few kilometers. Lasers are commonly used in optical communication systems operating at data rates
greater than 5 Gbps, such as metro and backbone net-works. At the transmitter, lasers can be found as
optical sources and in optical amplifiers as pump devices used to achieve population inversion in a

doped fiber.

The laser model expresses the optical power at the output according to the electrical power input or
according to the current of polarization [109, 110]. The behavior of a semiconductor laser diode is
modeled with a set of three differential equations which describe the mechanism by which electrical
current causes stimulated photon emission. Several models have been proposed and the Tucker Model
has been used in this study. There are many forms of these equations, but here we use a modified form
of Tucker’s equations [1] employed by Bjerkan et al. [111] whose coefficients are defined in the Table
2.1.

dN(@®)  1(t) [N(t) — Np].S(t) N(t) . (2.41)
a  q.V, 9o +eS® 1,




ds(t) [[N(t) — No].S(t] S(&) T.p N .. (2.42)
a9 1+eSt) T + Tp ©
do(t 1 1 ..(2.43
T 3| alN® — Mol - = (249
Table 2.1: Coefficients of Rate Equations
Symbol | Value Dimension | Description
I(t) - A Laser current
S(b) - m3 Photon density
r 0.44 - Optical Confinement factor
g0 3.0x 10° cm3/s Gain slope
N(t) - m~3 Carrier Density
N, 1.2 x 1012 cm™3 Carrier Density at transparency
€ 3.4 x 107 cm™3 Gain saturation parameter
T, 1x10'? S Photon lifetime
B 4 x 10* - Spontaneous emission factor
T, 3x10° - Carrier lifetime
Vo 9 x 10** cm? Volume of active region
b - - Phase of the electric field from the laser
a - - Line width enhancement factor
P(t) - W Optical power from laser
q C Electronic charge
n 0.1 - Total quantum efficiency
h 6.624 x 103* | J-s Plank’s Constants
AV st Instantaneous optical frequency deviation
D s/m? Fiber dispersion coefficient
L m Fiber length

These equations describe carrier density; photon density and optical phase, respectively. This is a large-
signal model that describes laser diode behavior in both the spontaneous emission and stimulated
emission regions applicable to linear simulated region. However, nonlinear saturation region due to
junction heating is not included in this model. Additionally, the optical power p(t) generated by the

diode is:

_ S(®Vonohv ..(2.44)

p(t)
ZF‘L’p

This model’s purpose is to identify the various regions of operation of the laser diode. Building the

large signal model is essential in determining operating points within the ‘semi’ linear lasing region.



The problem with finding a closed form solution to the rate equations lies in the fact that the equations
are cross-coupled by the product term containing both the photon and electron density. In order to
obtain values to simulate the small signal response, the non-linear rate equations were linearized by
taking the partial derivative of each time-dependent term with respect to photon and electron density.
It is this new model that allows the results of the large signal response to be used in simulating the

small signal response and is used in analysis.
2.5.4. Optical Fiber Modeling

The transfer function of an optical fiber can be modeled in terms of its parameters. The developed
model allows us to visualize the effect of change of the fiber parameters over the transmission
characteristics of different types of fiber like SMF and DCF. The non-linear feature of the fiber is also
modeled to predict and simulate the influence of various types of non-linearity as a function of fiber
characteristics. [4, 112].

2.5.4.1 Linear model of single mode fiber

When the fiber loss and nonlinearity are neglected, a single-mode optical fiber can be considered as an

all-pass filter with nonlinear phase response, and the corresponding transfer function can be written as:

1 1
H(w) = exp{—jz [ﬁo + BBy +5 (Bw)B, + 7 (Aw)*Bs + ]} . (2.45)

It should be noted that Eq. (2.45) is derived under the assumption that Am << wg, so P(w) can be
expanded about w, by using a Taylor series. In terms of communication theory, the low-pass filter
whose transfer function is given by (2.45) would cause waveform distortion due to the nonlinear phase
response and this is commonly called dispersion in the fiber optic communication. The model of the

transfer function of a SMF assimilates optical fiber to a Low pass filter [113] given by:
H(f) = e JmPALS .. (2.46)

where D represents dispersion, A represents the operational wavelength, f is the frequency and L

represents the length of fiber.
2.5.4.2. Nonlinear model of single mode fiber

We can approximate the nonlinear model by:



H(f) = e /onL .. (2.47)

where @, represents the phase contribution due to several non-linear effects. This parameter acts as a
multiplier and it depends on the power injected from the laser and it is defined by the following
equation:

Oni = VPinLess .. (2.48)

The nonlinear effect is negligible for an injected power lower than the threshold power, but otherwise
has to be considered. The propagating pulse consists of different frequency components and

propagation modes and its power profile p(t) can be represented as:
p(t) = Z p(t, A, m) .. (2.49)
im

Here i is the index to different frequency components and m is the index to different propagation modes.
GVD effect manifests as different frequency components of a pulse disperse during propagation due to
the frequency dependence of the group velocity which finally results in broadening of the pulse. The
root mean square (RMS) pulse width after propagating through the fiber is defined as:

: - (2.50)
> GCim— p(Ai,m>]

Aw &

where p(4; ,,,) is the percentage power of the pulse p(t, 4;, m) with respect to the total power and 7 is
the average delay over both i and m. This on solving further gives the expression for Aw,,, for an

arbitrary pulse as:

..(2.51)
AWy =

s,
Z [Dizntra,mp (m) + Dznodal]]
m

which clearly points out that the total dispersion encountered is sum of both intra-channel dispersion
and inter-modal dispersion. In this model, the theoretical values of dispersion in the nonlinear
Schrddinger equation are used to account for both 8, and S5 for a single mode fiber and have ignored

the inter-modal part.



The fiber is modeled as an optical bandpass filter with a flat amplitude response and a linear group
delay within the bandwidth of the data sequence that modulates the light wave by computing the
dispersion coefficient as a function of wavelength using the following equation:

S At ..(2.52)
Dsyr(1) = 20/1 (1 - z)
with 4, and S, being the zero-dispersion wavelength and the dispersion slope at A,. The corresponding

approximation for DCF is:

Dpcr(A) = S.(A—2.) + D¢ ..(2.53)
where S, and D being the dispersion slope and the dispersion at the wavelength A, = 1550 nm.
2.5.5. Mach-Zehnder modulator (MZM) Modeling

MZM is used to modulate the incoming optical signal. Mathematically, the operation of a MZM can
be described as follows. For the X-cut MZM, the electro-optic effect is maximum along the z-axis of
the crystal. Therefore, the electric field is assumed to be polarized along the z-axis and only the scalar
electric fields Ej, (t) and E,,,. (t)are analyzed. When the light propagates through the arms of the MZM,
the phase shift in branches 1 and 2 can be approximated linearly according to the Pockels effect [114,

115] with v, (¢) and v, (t) being the voltages in respective arms as:

B v, (t) ..(2.54)
Q1 =@y — T 2V

_ v,(t) ...(2.55)
P =@y —T 2V

The output electric field E,,,; (t) can be expressed as

V2

' ~izvy g ..(2.56)
Eoye(t) = 7€]w°t (\/P_le Jvv1(® + \/P—z e sznvz(t))

where oo is frequency of the optical carrier, v/P1 and /P2 are the amplitudes of the optical field in

each arm of the Mach-Zehnder interferometer. This can be further simplified as:



V2 . i - - - i
Eout (t) 2 e]wot ( /PI e]4VTE(v1(t) UZ(t)) ,PZ e ]4Vn(v1(t) V2 (t))) e]4Vn_(v1(t)+U2 (t))
. (2.57)

v1(t) + vp(t)
v1(t)— v2(t)

requires that both the input ports are driven in a push-pull configuration, i.e. v,(t) = —v,(t). The

The linear frequency chirp parameter is defined as a.(t) = and can be set to zero. This

extinction ratio (§er) Of the modulator is defined as the ratio between the maximum and minimum

output powers and becomes infinite for P1 = P2, The E,,.(t) can be expressed for such cases as:
T .
Eyye (£) = V/P. cos (—v(t)) oot ..(2.58)
2V,

Note that in this derivation the intrinsic loss of the MZM was neglected. In case of unequal powers, the

extinction ratio becomes finite and the electric field at the output of the modulator is given by

, ..(2.59)
P T o . (
Eout (t) = m (E e] ZV“V(t) + e J Zvnv(t)) . eJwot

+1
§= i, Pi=E.Pyand P =P+ P, = P (€ +1)

These expressions have been used in the modeling and simulation of MZM operation for the various

where,

modulation formats investigated in this thesis.
2.5.6. EDFA Noise Model

Optical amplifiers make use of semiconductor lasers without feedback or active fibers to amplify the
incoming signal. Most of the optical amplifiers are developed exploiting the parametric amplification,
stimulated Raman scattering, semiconductor optical amplification (SOA) and laser activity in active
doped-fibers. Out of these parametric and Raman amplifiers require high pump powers while
semiconductor optical amplifiers suffer from polarization sensitivity and inter-channel crosstalk, which
severely limit the system performance. However, doped-fiber amplifiers using rare-earth elements
(erbium, praseodymium, thulium, neodymium, etc.) offer attractive features such as practical absence
of nonlinearities, low coupling losses to the transmission line, very low dependence of gain on light

polarization and wide transparency to signal format and bit rate [1, 116] and thus are widely used. The



basic operation of a doped-fiber amplifier consists of amplifying the incident light through stimulated
emission. The fundamental parameters defining the performance of an optical fiber amplifier are its
gain and noise as a function of the signal wavelength in the amplification band. The spectral gain and
the spectral noise figure of the EDFA can be completely described through the propagation and rate
equations modeling the interaction of the optical field with erbium ions [117]. A numerical solution of
these equations can determine the spectral gain and noise figure for specified amplifier parameters.
This approach is very efficient for the design of optical amplifiers, but requires accurate characteristic

data for all amplifier components.

The black-box model is another approach which is based upon input-output experimental data obtained
in a simple test measurement of a certain amplifier unit and does not require access to internal details
of the amplifier construction [118]. The physical background is the same as for most rate-equation
based models [109]. The black-box model is especially suitable for WDM systems because the
characteristic data of the optical amplifier is not always available. In the case of a single-channel
simulation, a very simple model can be used, where the amplifier is characterized by its gain G and
noise figure Fn. The amplified spontaneous emission noise (® 45 ) is modeled as complex additive
white Gaussian noise (AWGN), whose single sided power spectral density for each polarization is
given by [76] :

E,.h.c.G .. (2.60)
Pase = —93,
o

where h is Planck’s constant and Ao the operating wavelength. Since the noise is a stochastic process
and the optical bandpass filter is linear and time-invariant, the noise power can be calculated by
integrating in the frequency domain the response of a linear time-invariant system to a random input
signal. Therefore, the noise power Pase is given by

Pase =f |Ho (F)|2 . ® 5. df . (2.61)

where |H,y(f)| is the low-pass equivalent transfer function of the optical filter. This can be evaluated

to find the contribution of ASE power (P,sg) of an amplifier with gain G given as :

Pase = 2hvBgng, (G — 1) .. (2.62)



where B, is the optical bandwidth, v is the signal frequency and ng, is the spontaneous emission factor.
The spontaneous emission factor ng, is determined by the inversion of the amplifiers Er ions. The
contribution of each amplifier’s ASE to the accumulated ASE is characterized by the amplifier’s noise
figure (Fn), which at high gain can be approximated by Fn = 2n,, . Following the analysis presented by

[56] the ASE power ((P,s. (k, A;)) through the inline amplifiers can be expressed as follows:
Pase (k, AL) = Pase (k - 1,Al)Lf(k - 1’Ai)Gin(k’ Ai)Ltap
+ 204, [Gin (k, ) — 11 Av;BoLeay - (2.63)

where P, (k, A;) corresponds to the ASE noise power at the kth amplifier and A; wavelength and Ly
(k, Ai ) and Gx (k, Ai ) are the losses and gain of the various elements through the amplifier chain. The
ASE noise variance at the end of the chain is described by:

O-ESE = 4R/%bipavg (N: AL) Be/Bo (264)

where bi is zero or two if i =0 or i = 1, Ry is the responsivity of the receiver, P,,, is the average signal
power and B, the electrical bandwidth of the receiver. The ASE noise variance will be used to calculate
the Q factor degradation due to ASE in the simulation study. Another constraint on the maximum
number of optical amplifiers can be set, that is proportional to the average optical power F,,,, launched
at the transmitter and inversely proportional to an acceptable optical SNRmin. Thus the maximum
number of amplifier stage is limited by P,s; and average optical power F,,, and can be expressed

using (2.62) to give:

_ Py .. (2.65)
o ZhVBo(G - 1)nspSNRmin

N

These amplifier parameters have been used in the analysis of simulation setups in this study.
2.5.7. Signal Crosstalk

Crosstalk is introduced in WDM systems due to leakage of optical signals during multiplexing/ de-
multiplexing, switching, and other optical signal conditioning and thus imposing some power penalties
at the receiver. Therefore, the level of crosstalk introduced through an optical path is closely linked

with the node architecture and traffic management strategies. Two types of crosstalk arise in WDM



systems: intra-channel crosstalk and inter-channel crosstalk. The former occurs when the interference
is on the same wavelength or sufficiently close with the desired signal so that the difference in
wavelengths is within the electrical bandwidth of the receiver. The latter is when the crosstalk (XT)
interference is on a sufficiently different wavelength than the desired signal’s wavelength, that the

difference is larger than the receiver’s electrical bandwidth.

In-band crosstalk can be generated upon filtering through multipath interference. Non-perfect filtering
implies leaking of the channel energy into other ports than the dedicated. Upon multiplexing a part of
the leaking energy propagates back with the useful signal. Intra-channel crosstalk is related to the non-
perfect extinction of the neighboring channels at the last de-multiplexer. Both are measured in terms
of the ratio of the perturbation to the useful signal. Intra-channel crosstalk is accumulated at each node.
They are specified as maximum acceptable crosstalk level at the receiver. We consider only in-band
crosstalk as its effect is much more severe compared to out of band crosstalk. We study crosstalk in
conjunction with ASE due to their close correlation and dependence on the signal power. The amount
of energy that leaks to neighboring wavelengths is described by the signal-to-crosstalk ratio (Xsw) and

is expressed as [56]:

Ji ..(2.66)
PXT (k' AL') = Z Xswpin (]: k: Ai) st (k)me (k)Gout(k’ Ai)Ltap
j=1

where p;,, (j, k, 1) is the power of the jth co-propagating signal at the switch shared by the desired
signal, and Ji is the total number of crosstalk sources at the kth node. Finally, the noise variance of
crosstalk is described by [56, 63]:

O-)?T = Z’SpolR/%b(i)PavePXT (267)

where &por is the polarization mismatch factor between the signal and the crosstalk light waves. The

above analysis forms the background of our simulation study.
2.5.8. Filter Concatenation

In an optical network, the light wave signal passes through a number of concatenated components, such
as WDM multiplexers (MUXs), de-multiplexers (DEMUXs) and noise limiting optical bandpass filters.
WDM MUXs and DEMUXs are the similar physical device, the only difference being what is labeled
input and output. Multiplexers take multiple light sources and combine them into a composite optical



signal. De-multiplexers split this composite signal into its respective frequency components or
channels. Both devices rely on a frequency selective component which can either be a diffraction
grating and a lens or a collection of narrow filters and directional couplers [3]. This makes the system
susceptible to filter passband misalignments arising from device imperfections, temperature variations
and aging. The emission spectrum of the laser source may also be misaligned with the effective center
frequency of the optical filters owing to manufacturing tolerances, aging, or operating conditions.
Performance degradation in WDM systems may arise owing to the combined effects of optical filter
misalignments, laser misalignments, and laser chirp. The concatenation of such optical components

can be modeled as a combination of optical filter and the corresponding system component.

In optically pre-amplified receivers, the best system performance is achieved with an optical matched
filter and no post-detection electrical filtering [89, 119]. In this case, signal distortion introduced by
filtering and noise are balanced. However, due to practical reasons, most optical systems employ fiber
Bragg grating (FBG), Fabry-Perot or arrayed waveguide grating (AWG) filters. The low-pass
equivalent transfer function of these filters can be modeled as a Gaussian function of order n, given by
[120].

..(2.68)

H,(f) = exp [— In(v2) (g)zl

where By is the 3 dB bandwidth.

The filters have transmission functions that could be fitted using a Butterworth-like filter transfer
function. In particular, many filters have characteristics that are well approximated by third-order
Butterworth filter transfer functions. The equation describing a complex third-order Butterworth filter

is given as [59]:
1 .. (2.69)

M [ e (5 (14257 )

where, f is the frequency assumed to be centered around 0, f 3qg IS the half bandwidth of the filter at the

H(f) =

3 dB power transmission level.

In optical communication systems operating at data rates greater than 10 Ghbps, electrical filtering

occurs mainly due to the bandwidth limitation of the electrical components [120]. Therefore, Bessel



filters with high orders can be used in order to properly model the low-pass characteristics of the
electrical components. The transfer function of a fifth-order Bessel filter is given by [121]

945 ..(2.70)
F5 + 15F% — 105/F3 — 420F2 + 945/F + 945

He(f) =j

where F = I;T'f, B, is the 3 dB bandwidth and K = 2.427410702 is the 3 dB normalization constant.

In the present study for a lower data rate third order Butterworth filter performs satisfactorily, however
for a data rate of 40 Gbps and beyond high order Bessel filters has been found suitable. The effective
spectral transfer function of the cascaded filter set is the multiplication of each of the individual filters,
which can, therefore, be much narrower in spectral width than a single filter. Spectral narrowing of the
effective transfer function can be further exacerbated by any misalignments in center frequency of the
individual filters traversed by the signal. If the transmission laser is offset from the center of the pass
band of the effective filter transfer function, then part of the signal spectrum may be attenuated out of
proportion to the rest of the spectrum as the signal gets too close to one of the sidewalls of the filter
transfer function. This, in turn, can lead to a time-domain distortion and a distortion-induced eye-

closure penalty in addition to simple excess signal loss and thus must be considered.

2.5.9. Photodetector

Classical receiver models for pre-amplified optical receivers—that account in the simplest form
possible for the detected ASE noise (but do not consider signal filtering or ISI effects)—assume an
integrator-type band pass filter impulse response as well as a discrete-type integrator impulse response
of the low pass filter [122]. The noise correlation effects have been accounted for in receiver models
that are, in principle, based on the classical model for heterodyne receivers by Schwartz et. Al. [123].
This has been used by several authors in order to give a model formulation for band pass filters with
Lorentzian transfer function. In [124], an extension of the last receiver model discussed was presented
to a realistic WDM transmission system environment including effects of practical optical amplifiers,
realistic optical filters including a periodic DEMUX characteristic, and shot and thermal noise. These
models do not account for signal amplitude variations over the bit-period (ISI) caused by fiber

dispersion and nonlinear effects and only allows a simplistic description of the electrical filtering in the



receiver—assuming a discrete integrator time response of the filter. From a mathematical point of view,
the complete fiber propagation of the signal can be considered a separate problem from the receiver
modeling. The resulting deterministic signal variation with time and the ASE statistics are simply

inputs to the receiver model.

In this thesis, the photodetector consists of an ideal p-i-n photodiode with responsivity (R). The main
task of a photodetector is to convert the optical signal into an electrical signal under appropriate
operating conditions. The main requirements for a photodetector are: high sensitivity, high speed, large
bandwidth, low noise, low cost and high reliability [125]. The output in time and frequency domains

by a pin receiver is given by
Iout(t) = |Ein(t)|2
iout(f) = Em(f) * El*n(_f) .. (2.71)

where the operator * denotes the convolution operation. When a modulated signal of optical power P(t)
falls on the detector, the primary photocurrent generated is given by:

I = % . (2.72)

2.5.10. Cross Phase Modulation Modeling

XPM is a critical limiting factor in high speed DWDM systems and depends not only on the power of
that particular channel, but also on the total power and the bit pattern of the other channels and results
in pulse broadening. The degree of XPM impairment is influenced by various parameters, such as
nonlinear fiber coefficient y, walk-off between the two adjacent channels, individual channel power
and the modulation format used [126]. To evaluate the optical system performance under the influence
of XPM, an analytical model is proposed which is faster, simple and as accurate as possible. The root
of this model lies in the derivation of the analytical time jitter formula. Previous analytical studies
involved analyzing only the intensity modulation generated at the end of the fiber only for the NRZ
modulation format. This thesis provides a simple and efficient way to model the cross phase modulation
involving both intensity distortion and time jitter in a DWDM optical system employing various

efficient modulation schemes.



In reference [127], a generalized method is developed to calculate the XPM induced field distortions
in multi-span WDM systems. This method does not involve the split-step Fourier transform. The XPM-
induced optical phase modulation and the resulted signal power fluctuations are calculated and the
accuracy of the model is checked with numerical simulation. They considered only the optical phase
modulation and the resulting intensity crosstalk but did not calculate the time jitter at the output of the
fiber. A five span system with each span length accounting to 100 Km is considered operating at of 3
dBm power level at 10 Gbps with NRZ modulation. However, the work did not put attention to the
delay analysis between the pump and probe channel’s bit patterns. Though the delays impose only
minor problems, yet the effect of bit shifts must be considered to improve the accuracy of the results.
The derived model considers the delays between the data patterns which efficiently simulate the effects
of bit shifts in the real system as well as both intensity crosstalk and timing jitter distortions. In the

model the SSFM has been used to implement the effect of SPM and dispersion.

Spectral characteristics of XPM in multi-span IM-DD optical systems have been investigated
theoretically in [128] by developing an analytical model. In their study, intensity modulated NRZ
system was considered to validate the model through experiment even with relatively higher launch
powers of the order of 11.5 dBm. It considers only the IM-DD and PM-IM systems mechanisms due
to phase modulation distortion and intensity modulation correlation, however the effect of timing jitter
has not been taken into account. The present model extends the study to RZ formats along with the
influence of the delay between the probe and the pump channel. Thus our model can be used to calculate
both the both intensity and timing jitter effects of XPM.

Propagation equation of signals in a two channel optical fiber system is governed by the following

Coupled Nonlinear Schrodinger Equations [129]:

[7] b .
M B TR S A, = iy (147 + 214,194, (2.73)

0A 0A i a A
T2t dyape—off 52+ 5 Bz 5 + 5 A2 = (14,12 + 214,194, . (2.74)

Where Arand Az are complex amplitudes of electric field envelopes, B21 and P22 are GVD dispersion
parameters at channel 1 and 2, respectively. The walk—off parameter (d.ax - of) Which accounts for
group velocity mismatch between the channels is approximated in terms of channel spacing Av and

chromatic dispersion D as follows:



DA% ..(2.75)
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In this model higher order dispersion is neglected and only XPM and SPM are considered. Walk off
length introduces the intensity changes due to the change in the relative alignments of the interacting
channels. This relative change accounts for the small time difference between the pulses, which
characterizes this intensity changes. When the channel spacing is very large, the walk off length
becomes shorter than the effective length of the fiber and is insignificant. In case of very small
wavelength separation, walk off length becomes large enough in comparison to the effective length of
the fiber. In this case, the XPM distortions are governed by the fiber losses and the walk off length

becomes independent of wavelength spacing.

The objective is to model the nonlinear impact of intensity fluctuations of channel 1 on the phase of
the signal in channel 2. A multi-segmented, optically amplified system is assumed to arrive at the
generalized forms of fiber non linearity-induced distortions. Signal launch power is kept low enough
to ensure that the system is not susceptible to SPM induced nonlinearities. Deployment of appropriate
DCFs in the fiber link curtails the degradation due to GVD in SMF. The CW probe channel at the input
of the fiber is analyzed under the influence of another pumped channel. The phase variation (d#8;) in
the probe channeled due to Kerr interaction with kth pump channel along the infinitesimal distance

from z to z + dz is modeled using [130],
do;(z,w) = —2y;P(z,w)dz) ..(2.76)

Here y; is the non-linear coefficient of the i channel. The pump channel power (P,) with the

assumption made by the small signal analysis in [131] is given by:
Py(z, w) = P, (0, w).cos(q,z) .exp(—az — in/vg ) -« (2.77)

Further, g, = — B,xw?/2 and vy, denotes the group velocity for the respective mode. Due to

chromatic dispersion, the small phase modulation evolves into an intensity fluctuation through PM-IM
conversion and also a phase delay occurs through a PM-PM conversion and the corresponding

expression for intensity fluctuated d Pyp,, and phase fluctuated dOyp,, is given by:

dPypy i = —2P,(2)exp[(—a — i w/vg;)(L — 2)].sin[q;(L — 2)] d6;(z, w) .. (2.78)



dOxpy,; = exp[(—a — ia)/vg,l-)(L — z)]. cos[q;(L — z)]d6;(z, w) - (2.79)

Here the attenuation and propagation delay of the channel i is given by
exp[(—a —i w/vg’i)] ...(2.80)

and P;(z) is the average power of the channel i at a distance z from the beginning of the fiber. Since
the major focus of this work is to derive analytical equations to calculate XPM-induced time jitter, the
presented analytical model considers the phase fluctuation given by equation (2.80) and is analyzed
and used in chapter 4 of the thesis. The present study considers XPM separately from other linear
distortions with an assumption that the intensity modulated pumps affects the phase modulated probes
through Kerr nonlinearity without PM-IM conversion. This assumption allows us to consider chromatic
dispersion as a lumped distortion at the end of each span which can be compensated by using DCF as

done in the simulation analysis.
2.5.11. Four Wave Mixing Modeling

In the FWM models mentioned thus far GVD is taken into account only with respect to the phase
mismatch and the inter-channel pulse walk-off due to GVD is not accounted for [132]. Due to the GVD
of the fiber, channels at different wavelengths have different group velocities. This means that the data
pulse train on different channels will experience different delay as the pulses travel down the fiber.
This relative delay between the data pulses on neighboring channels is called inter-channel pulse walk-
off. In itself the inter-channel walk-off poses no impairment to the transmission quality but it does play
an important role when evaluating the interaction of the neighboring channels through fiber
nonlinearity. It is seen that inter-channel walk-off plays a very important role for the other inter-channel
nonlinearities mentioned above XPM and SRS [133]. In [62, 63] an initial version of a finite-band noise
model including walk-off was presented for degenerate FWM. Inside fiber, the nonlinear polarization

causes three signals at frequencies f;, fjand fi to interact and produce signals at frequencies, +f; + f; +
fi- Among these signals, the most troublesome are the frequencies corresponding to case when f;;, =

fi + f; — fi due to its energy and momentum conservation.

The basic model [134] that is further used to find the power of FWM components denoted as Pijx on a

link is given below:



2
T 2, i ..(2.81)
Pijk(L) = ; Dlzjk (m) Pl-Pije aLLiff

where Pijkis the FWM power at frequency fix = fi + fj+ fx. Pi; Pjand Pk are input light power correspond
to fi, fj, and fx frequencies, L is the instantaneous system length, nij represents FWM efficiency, Dij is
the degeneracy factor whose valuesare D =1ifi=j=k,D=3ifi =j#kor D=6 if i #j # k. The FWM
efficiency is given as:

. a? ..(2.82)
ik = 2 1 ABZ,

This expression of efficiency is valid if L is much longer than 1/ @. According to [135], the phase-

matching factor is given as:

222 22\ 1dD, ..(2.83
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In a multichannel transmission system an analytical expression for the noise-variance due to FWM is

derived as:

, o |1 1 1 ...(2.84)
ofwm = 2K°Fs §prqr+zzppqs +Zzpppr
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where Ps is the peak power of the selected signal light, K= ne/hf , Pyqyr is the power of the FWM light
generated from a channel combination of p, g and rth channels that satisfy p + g - r =s, and n is the
quantum efficiency of the detector. The channel combinations are classified into three categories. These

may be either all different or in some cases two or more may be same.
2.6. Summary

In this chapter, the non-linear properties of optical fibers in the presence of dispersive behavior have
been discussed to infer its deleterious effects in the channel propagation characteristics. Although
residual local dispersion is desirable in order to suppress nonlinear effects, yet the accumulated
dispersion necessitates the need for dispersion compensation necessary. This dispersion compensation
introduces additional loss and thus requires various system configurations of the deployed fibers to

ensure an optimum transmission performance. The system component modeling of single-channel



optical long-haul systems has been presented with a view to use them for simulation study in detail in
the following chapters. The generation of the information carrying electrical signal was modeled using
pseudo-random sequences with pulse shaping. In order to efficiently modulate the electrical signal into
the optical carrier, the theory and operation of MZM is described in detail with appropriate
mathematical models. Propagation losses are compensated by optical amplifiers, where different
amplifier strategies were discussed, but only the EDFA, which is commonly used in WDM networks,
was treated in detail. The mathematical model of each component has been discussed and is used in
Chapter 4 to develop a Matlab Simulink Model for optical link using DQPSK format. The system
configuration is not the only key factor that improves the overall optical communication link
performance. The transmitting signal bandwidth corresponding to various encoding formats plays an
important role in maximizing the overall system performance and is the subject of the remainder of this

dissertation.



Chapter 3

Non-Linearity Mitigation through Intensity Modulation

In a conventional optical communication link the impairments caused by nonlinearity, such as XPM
and FWM, can be managed through residual local dispersion of the fiber or by adjusting the channel
spacing to a sufficiently large value. Obviously as dispersion is a linear process, the dispersion
accumulated along the transmission fiber can be equalized by performing dispersion compensation
either periodically along the link or at the receiver end. This, however, increases the complexity when
compared with systems employing optical fibers with relatively smaller dispersion values to avoid
dispersion compensation. The other alternative of larger channel spacing deteriorates the bandwidth
utilization leading to poor spectrum efficiency [136, 137]. The main purpose of spacing channels
sufficiently far apart or employing fibers with adequate dispersion is to suppress the inter channel
impairments. However, some intra channel interaction between dispersion and nonlinearity still exists
and causes performance degradation on a given channel. Although the dispersion can be compensated
upto some desirable level but fiber nonlinearity management becomes a challenging issue for the
researchers. The interaction between dispersion and nonlinearity along the main transmission fiber
causes local phase degradation of the waveform even in a dispersion compensated link. It was observed
from the literature survey that intra channel performance degradation can be minimized if the
transmitted signal possesses some special characteristic [138]. This leads to an interesting option to
explore the choice of some novel optical modulation formats towards the mitigation of non-linearities
in the fiber.

One of the important issue in system design is to understand the encoded pulse response in the channel
having some specific patterns. In fact, signal optical spectral bandwidth, tolerance to chromatic
dispersion, resistance to nonlinear crosstalk, susceptibility to accumulated noise, and other system
performance measures are directly related to the optical modulation format. To minimize both the linear
and the nonlinear impairments over the transmission fiber, an optimal modulation format is needed. A
modulation format with a narrow optical spectrum can enhance spectral efficiency and tolerate more
CD distortion. A modulation format with constant optical power can be less susceptible to SPM and
XPM; modulation format with multiple signal levels will carry more information than binary signals

and its longer symbol duration will reduce the distortion induced by CD and PMD. In addition, in long-



haul networks, ASE noise produced by EDFAs is another factor that requires modulation formats more
tolerant to additive ASE noise. These advanced modulation schemes combined with other key
technologies, like low noise optical amplifiers, new advanced optical fibers and forward error
correction techniques, are crucial to realize spectrally efficient, high-capacity optical transport
networks [139-142].

Many optical modulation formats have been considered in the scope of this research. Carrier
Suppressed RZ [143] is a pseudo-multilevel modulation format and is characterized by reversing the
sign of the optical field at each bit transition. It reduces the non-linear impairments in a channel and
improves the spectral efficiency in high bit rate systems. The optical duobinary and modified duobinary
modulation formats also turn out to be the leading choices as they have high tolerance to CD, better
non-linear tolerance and can go through narrowband optical filtering to put more channels close to each
other to improve spectral efficiency. Furthermore, it is easy to implement, since there is a minor change
in the transmitter and uses photo-diode at the receiver side for DD. The overall system setup is simpler
compared to other competing formats, like DPSK, and DQPSK, which require modifications at the
transmitter and at the receiver, further increasing system cost and complexity. On the other hand, these
phase modulation formats have an inherent 3-dB receiver sensitivity improvement by using balanced
detection. They also reduce the effects of SPM and XPM resulting in reduction of signal distortion that
accumulates in the optical signal over the fiber link and have proved to be strong candidates for high
data-rate and spectral efficient DWDM systems [143 - 145].

The purpose of this thesis is to investigate the influence of different optical modulation formats in terms
of signal characteristics, system implementation, and power spectrum to evaluate and establish
performance enhancement of optical communication links for several multiplexed channels. Different
modulation formats have different characteristics, which lead to unique performance improvements.
As it is not possible to cover all the modulation formats in one thesis, so here a few important ones
such as CSRZ, Duobinary, Modified Duobinary, DPSK and DQPSK have been modeled, simulated
and implemented in standard simulation tools and MATLAB environment. It may be interesting to note
that different fiber types and different modulation formats could affect the system performance.
Therefore, there is a need to develop simulation test beds based on OptiSystem 10.0 [146] tool to study
and analyze various modulation formats and infer their characteristics and applicability in designing of
high speed optical communication link. The proposed analysis also focuses on the study of optical

linear and nonlinear effects for system performance evaluation in terms of minimal BER.



This chapter focusses on intensity modulated formats particularly RZ, CSRZ, Duobinary and Modified
Duobinary to test their characteristics. In the following parts, basic waveform generation/detection and
major characteristics of the above modulation formats will be discussed. The phase modulated formats
DPSK and DQPSK are investigated in chapter 4. Although this does covers a complete screening of
the advanced optical modulation formats arena, but the results in this thesis and the mechanism under
each modulation format are still valuable and can be extended for the future research. This chapter
begins with a discussion of the various modulator technologies employed for DWDM systems.

3.1. Modulator Technologies

Optical modulation is the conversion of a signal from the electrical into the optical domain. Three basic
technologies to modulate the light are commonly used today: directly modulated lasers (DML), electro-
absorption modulators (EAM) and MZM. A new and innovative way to use these existing modulator
technologies usually gives rise to a novel optical modulation format. These modulator technologies can
be used with modulation formats to find a novel and cost effective modulation technique in order to
resolve the future needs of high spectral efficient and high bit-rate optical DWDM networks. In order
to realize high-speed modulation an optical modulator should have (i) a high electro-optical bandwidth,
(i) low optical insertion loss, (iii) not induce undesired frequency chirp in the signal and (iv) have a
high enough extinction ratio. The extinction ratio is defined as the ratio of the energy in the ’0’

compared to the energy in the *1’°s [147].
3.1.1. Directly Modulated Lasers

Direct modulation of lasers is the easiest way to impose data on an optical carrier. The transmitted data
is modulated onto the laser drive current, which then switches on and off the light emerging from the
laser. This resulting modulation format is binary intensity modulation [2]. Directly Modulated Lasers
are widely available up to modulation rates of 2.5 Gbps but with some limited availability up to 40
Gb/s. The main limitation of DMLs for high data-rate transmission systems is their inherent, highly
component-specific chirp which broadens the optical spectrum and interact with fiber chromatic

dispersion to cause increased signal distortions [148].
3.1.2. Electro absorption Modulators

An electro absorption modulator is a semiconductor device which controls the intensity of a laser beam

via an electric voltage. Its operation principle is based on the Franz-Keldysh effect, i.e., a change of



the absorption spectrum caused by an applied electric field, which usually does not involve the
excitation of carriers by the electric field. EAMs typically feature relatively low drive voltages and are
cost-effective in volume production. They are available for high-speed modulation rates up to 40 Gbps
today, with some research demonstrations up to 100 Gbps [149]. However, similar to DMLs, they also
exhibit some residual chirp and impose limitation at relatively high data rates. They have wavelength
dependent absorption characteristics, dynamic extinction ratios typically not exceeding 10 dB, and
limited optical power handling capabilities. Their fiber-to-fiber insertion loss is about 10 dB which can
be eliminated by integration with semiconductor optical amplifiers (SOAs) [1,3]. On-chip integration
with laser diodes avoids the high loss at the input fiber-to-chip interface, and leads to compact
transmitter packages.

3.1.3. Mach—Zehnder Modulators

Unlike electro absorption modulators, Mach-Zehnder modulators work on the principle of interference.
Incoming light is divided into two paths at an input coupler. One path has a phase modulator that lets
the two optical fields acquire some phase difference relative to each other, controlled by the applied
voltages V1. This applied electrical voltage creates destructive or constructive interference depending
on the phase difference introduced and thereby results in intensity modulation. Due to their better
modulation performance and the possibility of independently modulating intensity and phase of the
optical field, many advanced optical modulation formats use MZMs popularly implemented in LiNbO3
substrate [150]. Fig. 3.1 shows the structure of such a MZM. The incoming light is split into two arms
when entering the modulator and travels under the influence of applied voltages vi(t) and vo(t). At the
output of the MZM, the light waves of the two arms couple and interfere with each other based on the

phase difference and cause the desired modulation.
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Fig. 3.1: Optical intensity modulator based on Mach- Zehnder interferometric structure [15]

This modulation describes how the data is coded onto the optical signal. The amplitude, phase,
frequency and state of polarization (SOP) of optical signal can be modulated resulting in various

formats as discussed in the next subsection.
3.2. Modulation Formats under investigation

Numerous factors that should be considered for the right choice of modulation format include: spectral
efficiency, power margin, and tolerance against GVD and against fiber nonlinear effects like SPM,
XPM, FWM, and SRS. The most basic format which has been deployed extensively so far in IMDD
systems is the NRZ format, as it is easy to generate, detect and process. In the recent years, as optical
systems are advancing to higher data rates with the integration of DWDM and optical amplifiers, NRZ
modulation format may not be the best choice for high capacity optical systems [151,152]. However,
as it has been widely deployed in field and due to its simplicity, and its historic dominance, NRZ would

be a good reference for the comparison.
3.2.1. Non Return to Zero (NRZ) Format

The NRZ format has the simplest configuration and is widely used in commercial products so far
because of several reasons: First, it requires a low electrical bandwidth for the transmitters and receivers
(compared to return-to-zero); second, it is not sensitive to laser phase noise (compared to phase shift
keying); and last, it has the simplest configuration for the transmitter and receiver. Fig. 3.2 shows the

representation of NRZ code.
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Fig. 3.2: Representation of the NRZ code.
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Fig. 3.3: Block diagram of NRZ transmitter

A schematic block diagram of the 40 Gbps NRZ transmitter is shown in Fig. 3.3. An optical signal
generated by the continuous-wave (CW) laser source is ON-OFF keyed by the MZM driven by 40-
GHz NRZ data signal. The intensity of the carrier light wave is modulated by the applied electric field
whose voltage varies with a determined function. The MZM is driven at the quadrature point of the
modulator power transfer function with an electrical NRZ signal. To detect a NRZ optical signal, a
simple photodiode is used at the receiver, which converts optical power of signal into electrical current.
This is called direct detection. If there is no mention, same direct detection scheme is used for other

modulation formats in this thesis.

The NRZ pulses possess a narrow optical spectrum due to the lower on-off transitions. The reduced
spectral width improves the dispersion tolerance and enables higher spectral efficiency, but on the other
hand it leads to ISI between the pulses. NRZ modulated optical signal is less resistive to fiber nonlinear

effect compared to its RZ counterpart [153] and hence RZ format is investigated further.
3.2.2. Return-to-Zero (RZ) Format

At higher bit rates such as 40 Gbps, the effect of non-linearity also becomes more important, and the
RZ signal format proves to be superior to NRZ. In RZ format, for the logical 1 bit the power level
returns to O after half of the period, whereas for the 0 bit, the power level is O continuously as shown
in Fig. 3.4.
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Fig. 3.4: Representation of the RZ code.

The advantages of the RZ signal format over the NRZ are discussed below. Due to the fact that the RZ
signal format has larger bandwidth than the NRZ, the RZ pulses are broadened more rapidly by
dispersion. However, this turns out to be beneficial because as a pulse is broadened, its peak decreases.
The severe pulse broadening in the case of RZ signals makes it more robust to the effect of nonlinearity
[154] due to the fact that the non-linear effect is proportional to the signal intensity. This is very
important in high-bit-rate systems in which high launched power is required to provide adequate SNR
at the receiver. The effect of accumulated dispersion can be removed by employing dispersion

compensation, which in effect recovers the waveform back to its original form.

Since the pulse width of the RZ signal is narrower than that of the NRZ signal, the RZ pulse has higher
peak power than the NRZ for a given average power. Thus, the eye opening of the RZ signal format is
wider than that of the NRZ, resulting in better receiver sensitivity than the NRZ for a given average
power [155]. This implies that for required receiver sensitivity, the transmitted power can be lowered
by employing the RZ signal format rather than the NRZ. The better receiver sensitivity in the case of
the RZ signal also suggests that the transmission distance can be increased compared with the NRZ
signal for the same transmitted power. When SPM is considered, its interaction with dispersion depends
strongly on the pulse width. In the case of the NRZ signal format, the transmitted signal consists of
pulses having different pulse widths depending on the data pattern. Thus, the effect of SPM depends
on the data pattern. On the other hand, the transmitted RZ signal consists of a sequence of identical
pulses corresponding to the data pattern; hence, the pattern-dependence of SPM-induced waveform
distortion can be avoided. In addition, the interaction between the SPM and dispersion in the anomalous
dispersion regime can be exploited effectively in the case of the RZ signal, resulting in uniform pulse

compression.

The advantages of the RZ signal over the NRZ are not limited to reducing the intra channel nonlinear
effect. In fact, the RZ signal format is significantly superior to NRZ when the inter channel nonlinear
effects are considered. As discussed in Chapter 2, the XPM and FWM are strongest when pulses at
different wavelengths completely overlap one another in the time domain. This condition can be easily
satisfied in the case of the NRZ signal format. Generally, the pulse width of the RZ signal is shorter

than that of the NRZ signal. Thus, the NRZ pulses at different wavelengths take longer time than the



RZ pulses to walk off from one another. This in effect favors the generation of FWM and XPM.

Therefore, NRZ systems are more susceptible to inter channel nonlinear effects than RZ systems.

RZ Transmitter RZ Optical Signal

1 0 1 1
NRZ _
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NRZ data (electric)

Pulse train (electrical)

Fig. 3.5: Block diagram of RZ transmitter

It should be noted that NRZ systems are more robust to linear cross talk among channels than the RZ
systems due to the fact that the NRZ signal has narrower bandwidth than RZ signal. However, with
proper spectral filtering or pulse shaping at the transmitter to remove unwanted high-frequency
components, the linear cross talk among channels in RZ systems can be minimized, causing RZ systems
to further outperform NRZ systems [66]. A schematic diagram of the 40 Gbps RZ transmitter is shown
in Fig. 3.5. RZ transmitters can be implemented either by electronically generating RZ waveforms,
which are then modulated onto an optical carrier, or by carving pulses out of an NRZ signal using an
additional modulator, called pulse carver. Firstly, NRZ optical signal is generated by an external
intensity modulator. Then, it is modulated by a synchronized pulse train with the same data rate as the
electrical signal using another intensity modulator. RZ modulation format is mostly preferred in
submarine systems where costlier transmitters and receivers are used and forms the base of different
formats discussed in this thesis. Carrier Suppressed RZ (CSRZ) is a variation of RZ formation and is

discussed next.
3.2.3. Transmitter Design for Carrier Suppressed Return-to-Zero (CSRZ) Format

CSRZ format is a modification of RZ format and a number of transmission experiments have employed
this format as it is highly tolerant to the mixed effect of SPM and GVD, and has a narrower pedestal
shape of the optical spectrum than the conventional RZ format [153]. The difference between CSRZ

and conventional RZ is that the CSRZ signal has © phase shift between adjacent bits. In contrast to the



correlative coding formats like duobinary, the sign reversals occur at every bit transition, and are
completely independent of the information-carrying part of the signal. This phase alternation, in the
optical domain, produces no carrier component for CSRZ [27, 156], and the alternating phase between

adjacent bit slots reduces the fundamental frequency components to half of the data rate.

40 Gbps
Optical CSRZ
signal

Fig. 3.6: Block diagram of CSRZ transmitter

CSRZ has better tolerance to chromatic dispersion due to its lower optical power, allowing for more
channels multiplexed in transmission. In addition, carrier suppression reduces the efficiency of FWM
in WDM systems [28]. Fig. 3.6 shows the CSRZ transmitter setup designed for analysis. The generation
of a CSRZ optical signal exploits two concatenated MZMs. The first MZM modulates the intensity of
the light from a CW laser source with a 40 Gbps NRZ data. Then the generated NRZ optical signal is
modulated by the second MZ modulator that is driven by a clock at the half bit-rate, 20 GHz in this

case, to generate a CSRZ optical signal.
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Fig. 3.7: Spectrum of CSRZ signal

Phase inversions between adjacent bits are achieved because optical field transfer function of the MZM

changes its sign at the transmission minimum. This introduces a pi phase shift between any two adjacent



bits and the spectrum gets modified such that the central peak at the carrier frequency is suppressed as
shown in the diagram in Fig. 3.7.

3.2.4. Transmitter Design for Duobinary (DRZ) Format

Optical duobinary scheme belongs to a class of correlative coding formats and is also known as phase
shaped binary transmission (PSBT) [157]. Duobinary format is very attractive because of its low
spectral occupancy and high tolerance (~3.5) to residual CD [158-160] than NRZ. This feature is
particularly important as it alleviates the requirement of tunable dispersion compensation module into
the receiver, which is mandatory when NRZ or CSRZ are implemented. Furthermore, its compact
spectrum makes duobinary compliant with 50 GHz I1TU grid thus ensuring the compliance of 40 Gbps
transport with existing 10 Gbps WDM long-haul transmission infrastructures [161, 27]. It permits easy
up-gradation by simply replacing a 10 Gbps transmitter by a 40 Gbps one without major changes in the
design of the receiver and transmission line. DB signal being highly tolerant to CD facilitates to achieve
longer  transmission  distances and is one of the most spectrally-efficient
modulation schemes. Moreover, the DB signal can be demodulated into a binary signal easily using a

conventional direct detection optical receiver making the receiver design simpler.

Duobinary modulation is a 3-level format that is generated by using differential precoding and electrical
or optical filtering. Conventional DB transmitters use a differential precoder at the input. An exclusive-
or gate with a delayed feedback path constitutes the duobinary precoder. Fig. 3.8 shows a typical

duobinary precoder and encoder.
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bk = dk® bk-l Cc = bk + bk-l
—| xor be Add ¢ out

— D) > P P
v I .
1 Bit 1 bit

Fig. 3.8: Duobinary Precoder and Encoder

Although it is possible to use decoder at the receiver but precoding at the transmitter is used in order
to avoid error propagation. Pre-coded sequence is converted to three-level electrical signals by using

low pass electrical filter. This LPF can also be implemented by a delay-and-add circuit, which typically



results into a better back-to-back sensitivity while carefully selected low-pass filter enhances CD
tolerance at the expense of this sensitivity [162,163]. Compared to NRZ, duobinary format has a phase
modulation in addition to amplitude modulation which reduces the pulse spreading thereby making it

less sensitive to chromatic dispersion and intra-channel nonlinear effects.
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Fig. 3.9: Block diagram of Duobinary transmitter

Typically, in duobinary, a m phase shift takes place between two groups of “1” s when the number of
“0” s in-between is odd. Fig. 3.9 shows the configuration of a 40 Gbps duobinary transmitter. The
duobinary signal is generated by first creating a NRZ duobinary signal using a duobinary precoder,
NRZ generator and a duobinary pulse generator [164]. The generator drives the first MZM, whose
output is concatenated with a second MZM that is driven by an electrical sinusoidal signal with a
frequency of 40 GHz, phase = - 90°. The optical modulation bandwidth of DRZ format is B i.e. half of
the bandwidth of NRZ format as shown in Fig. 3.10. Here we use MZM biased at its null point. With
‘0’ input no light is transmitted but +1 and -1 are transmitted as +E and —E electrical field respectively.

Thus three level electrical signals are converted to two level optical signal.
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Fig. 3.10: Spectrum of DRZ signal

3.2.5. Transmitter Design for Modified Duo-binary Return-to-Zero (MDRZ) Format

MDRZ format has a much narrower optical bandwidth over the DRZ leading to greater dispersion
tolerance and higher fiber non linearity tolerance [165-168]. It is inherently asymmetric and is
characterized by phase inversion in the pulses triggered by the presence of a logical “one” in the
previous bit slot. Duobinary spectrum has DC content while modified duobinary does not have any DC
content. MDRZ has opposite phase in adjacent “1” s and due to this fact SPM in single channel, XPM
and IFWM in WDM transmission systems can be reduced [169-172]. In this format, the phases of two
groups of ‘ones’ that wrap an isolated ‘zero’ are flipped, leading to reduced ghost pulse generation
caused by IFWM. While the discrete frequency tones of RZ signal spectrum are effectively suppressed
by both DRZ and MDRZ, the latter provides the advantage of smaller timing jitter and amplitude
distortion. Moreover, when compared to RZ, both DRZ and MDRZ signals provide smooth operation

even at relatively higher average channel powers.
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Fig. 3.11: Block diagram of Modified Duobinary transmitter

Fig. 3.11 outlines the design of the 40 Gbps MDRZ transmitter. It requires two optical modulators to
obtain this signal; one to generate NRZ duo-binary signal and the other to carve the NRZ data to RZ
signal. It is similar to DRZ transmitter as the first step is to generate a NRZ duobinary signal, but here
a delay-and subtract circuit is used instead of the delay-and-add circuit. The output of this block signals
the first MZM, whose output is concatenated with a second modulator which is driven by a sinusoidal

electrical signal with 40 GHz frequency and phase —90°.
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Fig. 3.12: Spectrum of MDRZ signal
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In duobinary signal case, we change the phase of bits ‘1's only after a bit ‘0’ appears, but in the MDRZ
case we alternate the phase between 0 and z for the bits ‘1°. That is, while keeping the phase of all the
“zero” bits constant, a 180° phase variation is introduced between all the consecutive “ones” which

leads to suppression of carrier of the duobinary signal as shown in Fig. 3.12.
3.3. Simulations for Various Modulation Formats

In order to study the feasibility and performance of the DWDM system, both simulation and
experimental methods could be used. However, due to its economic advantage, simulation method is
used very often as simulation does not require any physical devices and equipment. Once the simulation
model is built, it is very easy to change the system parameters and the time needed to check a specific
setup is usually much smaller comparing to an experimental investigation. Secondly, in a simulation,
the only limitation is the computing power of the computer such as CPU speed and memory size.
Simulations can be performed for a complex system while it is very difficult to fulfill in a real

experiment, which requires many devices and equipment.
3.3.1. General Considerations for numerical simulation of optical fiber transmission systems

Modeling of an optical fiber system is quite different from than the modeling of other types of
communication systems, such as wireless system, due to its high bit rate, low bit error rate and its
transmission media, which needs special consideration. High bit rate means that the simulation
bandwidth has to be very large and the number of bits that can be simulated at one time will be small
due to the limitation of the computing hardware. Low bit error rate means a BER lower than 10 and
we have to run a very long simulation in order to see even a single error bit transmitted. Among all the
devices and subsystems of an optical transmission system, the optical fiber is usually the main source

of the system penalty and its modeling is the most important part of the whole model.

As explained in chapter 2, analytical calculation can also be used to model the fiber transmission. As
there is no close form solution to the nonlinear transmission equation that governs the waveform
evolution along the fiber, linear addition model is applied. However, compared to the analytical
methods, the numerical integration of the propagation equation is generally more accurate and takes
into account all the linear and non-linear effects automatically [45-47]. There are generally two
categories of numerical methods which can be used to solve the equation, one of them is the finite

difference method and the other is the pseudo-spectral methods, and pseudo-spectral methods is faster



by up to an order of magnitude to achieve the same accuracy. Among the second category, SSFM is
used most extensively to solve the pulse propagation problem in nonlinear dispersive media as it is fast
and easy to implement and thus is used in this work as the algorithm for the fiber model.

The complexity of optical communication systems employing DWDM requires a comprehensive
computer aided modeling platform in order to optimize design, experimental costs and evaluate the
performance of the implemented networks. A numerical modeling or simulation program for a system
should include the models of all the components that constitute that specific system. As a system level
simulation, the model for each individual component should be kept as simple as possible when the
accuracy requirements allow. It is not necessary to use their detailed models because it will not
significantly increase the overall accuracy of the simulation but it would increase complexity
dramatically and results in a much lower efficiency. Integrated computer-based tools or packages for
optical link design can simulate or imitate both electrical (e.g. FEC encoders) and optical (lasers, optical
amplifiers etc.) components. This large library of components offers the designers a wide exploration
of optical systems and avoids error from guesswork or back-of-the-envelope computations and is time
efficient. In this work, we have used the OptiSytem 10.0 simulator that gives us an environment

identical to the physical realization of a fiber-optic transmission system.
3.3.2. OptiSystem

OptiSystem 10.0 is an advanced optical communication system design simulation package to simulate
and analyze an optical link and is extensively used in research and development activities [144-146].
In the present thesis, it has been used to design and simulate optical communication systems to evaluate
their performance considering the appropriate system component parameters. This tool supports
modeling with an acceptable accuracy and ease of use on both Windows and UNIX platforms. It
represents an optical communication system as an interconnected set of blocks, with each block
representing a component or subsystem in the communication system. As physical signals are passed
between components in a realistic communication system, “signal” data is passed between component

models in the OptiSystem simulation.

It provides multiple simulation engines that provide complementary simulation techniques. This
enables the greatest flexibility in modeling and simulating systems ranging from short-distance data
communication links, to ultra-long-haul DWDM telecom systems, to large metro networks with

feedback paths and EDFA transients due to adding and dropping of channels. Optisytem’s data post-



processing and display facilities provide an intuitive and flexible measurement graphical interface that
acts as a lab-like set of virtual instruments. Interactive and post-processing functionality (e.g. graph
superimposition, correlation graphs, interactive cursor read-out data, peak search, eye-diagram
measurements, BER/Q evaluation) allow one to simulate the project once and perform further analysis
of results later (saving time during the design process).

3.4. Simulation Set-Up for CSRZ format

In order to compensate for the accumulated dispersion three different schemes of dispersion
compensation viz., pre-, post-, and symmetrical compensation have been attempted in the present
thesis. In pre-compensating case, DCF is used as a pre-compensating component for the accumulated
dispersion of the transmission fiber. The gain G of the amplifier following the DCF is balancing the
fiber loss of the DCF and can be determined by:

G = a’DCFLDCF (31)

where apr is the attenuation coefficient of the dispersion compensating fiber, L is the length of the
DCF. For the gain of the amplifier subsequent to the transmission fiber a similar equation holds, where

arg 1S the attenuation coefficient of the transmission fiber.
G = CZTFLTF (32)

The linear dispersive compensation length, Lpcr, should be so chosen to compensate the dispersion of

the transmission fiber via:

LrpDrr ..(3.3)

_DDCF

DCF =

where L, is the length of the transmission fiber, D, is the dispersion of the transmission fiber, Dpcr
is the dispersion of the DCF. In post-compensating case, the DCF post compensates the dispersion of
the transmission fiber. In the symmetrical compensation case, fiber placement follows the sequence of
transmission fiber, DCF and transmission fiber [33]. The proposed 32 channel DWDM system consists
of transmitter section, fiber and optical receivers as shown in Fig. 3.13 with the central frequency of

the first channel as 193.1 THz. The simulation parameters used are given in Table 3.1.



w
N

w
N

w
N

w
N

W
N

FIENIEET

wherein fibers with normal and anomalous GVD are combined to form a dispersion map such that the
GVD is high locally all along the link length, but keeping an overall low average value [13]. The
parameters of DCF and SMF are chosen such that the first-order dispersion is compensated exactly (D

=0) i.e. Dsmr Lsmr = Dpcr Locr Where D means the first-order dispersion parameter [ps/nm/km] of the
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Fig. 3.13: Schematic of simulation setups:

(a) pre-compensation scheme, (b) post-
compensation scheme and (c) symmetrical-
compensation scheme

The design of transmission link has been done using periodic dispersion management technique

corresponding fiber and L stands for the total SMF or DCF length per span.

Table 3.1: Simulation parameters

W
N

Bit rate 40 Gbps
Sequence length 64
Samples/bit 256




DWDM channel spacing 50 GHz
Central frequency of the 1st channel 193.1 THz
Capacity 32-channel 40-Gbps
Distance 30 Km X N Spans
Input Power -10 dBm

A. Transmitter section

The WDM transmitter consists of a pseudo random bit sequence (PRBS) generator, CW lasers, data
modulators, filters and the optical multiplexer. The PRBS generator generates bit sequences at the rate
of 40 Gbps with 27 —1 bits. The emission frequencies of CW laser are equally spaced and are in the
range of 193.1-194.65 THz with the frequency spacing of 50 GHz between the adjacent channels.
Extinction ratio of MZM is set at 30 dB. To each output port of each CW laser a CSRZ transmitter as
designed in Fig. 3.6 has been connected. Optical signals from 32 such data modulators are fed to the
32 input ports of an optical multiplexer. To ensure separation between the channels in the frequency
domain (linear cross-talk suppression), before multiplexing, each channel is optically filtered with
narrow transmission optical filter [27]. Here, a second order Gaussian filter with a bandwidth equal to
50 GHz has been considered. The channel spacing and operating wavelengths are as defined by ITU-
T standards.

B. Fiber section

The combined optical signal is fed into the SMF. The model in OptiSystem takes into account the
unidirectional signal flow, stimulated and spontaneous Raman scattering, Kerr-nonlinearity and
dispersion. The fiber parameters have been specified in the Table 3.2. The gain of the EDFA placed
after each fiber is set to compensate the losses of the preceding fiber. The noise figure of the amplifiers
is constant and set to 6 dB. Scalar model of both the fiber has been used to avoid PMD. The signal is
then launched over N spans of SMF of 30 km each. The proposed DWDM system has been simulated
for pre, post and symmetrical dispersion compensation scheme. In pre-compensation scheme, as shown
in Fig. 3.13(a), to compensate for the dispersion and the nonlinearities, DCF fiber of 5 km is used prior
to the SSMF fiber of 25 km length. Also, two in-line-EDFA with gain 2.5 dB and 5.5 dB, respectively,
have been used in the link. The post-compensation scheme has been shown in Fig. 3.13 (b) where DCF
fiber of 5 km is used after the SSMF fiber of 25 km length to combat the accumulated dispersion. In

symmetrical-compensation scheme, as shown in Fig. 3.1(c), DCF fiber of 5 km is used in the middle



of the SSMF fiber of 25 km length. Here, three in-line EDFA’s with gain 2.75 dB, 2.5 dB and 2.75 dB

have been used.

Table 3.2: Fiber parameters

Fiber Type | Attenuation | Dispersion Dispersion | Mode Effective Non linear
(dB/Km) (ps/km-nm) Slope Area refractive index

SMF 0.22 17 0.08 80 2.6 x10%

DCF 0.5 -85 -0.45 30 2.6 x10%°

C. Receiver section

In the receiver the signal is de-multiplexed, detected by PIN detector, passed through the filter and 3R
regenerator. Optical de-multiplexer used has 32 output ports Bessel band pass filters with filter
parameters: 3 dB cut off frequency = 65 GHz, order of the filter = 4, depth = 100 dB have been used to
separate out the channels at the respective wavelengths. The filter parameters have been optimized to
give the best result. The optical signal from each port is then passed through PIN photodiode whose
reference frequency ranges from 193.1-194.65 THz respectively, responsivity [A/W] =1 and dark
current = 0.1 nA. An electrical low pass Bessel filter follows the PIN photodiode whose cut-off
frequency is determined by the modulation used and is optimized at 40 GHz with order 3. Thereafter,
3R regenerator is used to regenerate an electrical signal connected directly to the BER analyzer which
is used as a visualizer to generate graphs and results such as eye diagram, BER, Q value, eye opening

etc.
3.4.1. Investigation and Discussions of CSRZ format

The performance of CSRZ modulation format has been compared for pre, post and symmetrical
dispersion compensation schemes for 1.28 Thps DWDM system in terms of received maximum Q
value and eye opening. For system analysis, the results of the first channel have been considered as it
corresponds to the worst-case scenario. In this simulation, a 30 Km span is designed by appropriately
choosing SMF and DCF fibers to compensate GVD. Then transmission spans have been cascaded in
series to realize lengths in multiples of 30 Km. Fig. 3.14 (a)—(d) shows the graphical representation of
Q value as a function of signal input power for spans 1 to 4 for pre, post and symmetrical-compensation

schemes.
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For a high data rate WDM system it is desirable that the input power should be as low as possible to
limit non-linear effects. Keeping this in mind, the input power has been varied from -20 dBm to 15
dBm. Though generally it is not desirable to operate at power level greater than 5 dBm, the designed
system works well even at 10 dBm but at 15 dBm power Q values falls below the minimum required
15.6 dB but only for the 4th Span. Also, it can be seen that as the signal input power increases Q value
is initially maintained for all the dispersion compensation schemes till -10 dBm and then it starts to
decrease. This can be understood from the fact that for low powers the DWDM system has very less
non-linear effects coming into play. However, at higher powers, the pulses tend to overlap each other
due to more dominance of non-linear effects like XPM and FWM caused by optical Kerr’s effect and

thus reduces the Q value. This observation is in close agreement with the reported results [153, 156].
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Fig. 3.14: Q value as a function of signal input power for a) span 1 (30 Km) (b) span 2 (60 Km) (c)

span 3 (90 km) and (d) span 4 (120 km) for various dispersion compensation schemes

It is found that as the input signal power increases, Q value is initially maintained for all the three
schemes up to —10 dBm and beyond this it starts decreasing due to the dominance of non-linear optical
Kerr’s effects. Further, it is observed that the worst performance is shown by pre-compensation
scheme. However, post and symmetric compensation schemes follow each other closely with post

giving better results even at 15 dBm of input power.
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Fig. 3.15: Eye diagrams of CSRZ modulation format at Pin= -10 dBm for post compensation scheme
at a distance of (a) 30 Km (b) 120 Km



The best Q value obtained is 45.46 dB at input power of -20 dBm using post-compensation scheme at
a distance of 30 Km while Q falls to 19.35 dB at a distance of 120 km. Since the performance of post-
compensation scheme is the best hence we have further analysed this scheme to predict the eye
diagrams at the receiver as shown in Fig. 3.15. The shape of the eye as well as the eye opening decreases
with the distance.

It is thus established that post compensation scheme shows a better performance in terms of Q value
and eye opening as compared to pre and symmetrical dispersion compensation schemes. The CSRZ
format although robust against GVD and SPM effect due to narrow spectral width, but still DWDM
transmission causes more degradation owing to inter-channel XPM and FWM due to spectral
broadening. The wave frequencies interacting through FWM lead to the generation of sum and
difference frequencies, which further interact among each other leading to increased bandwidth. To
accommodate the expanded pulse bandwidth, the used filter bandwidth has been chosen three times so
that the higher order FWM products are aliased CSRZ format results in the expansion of optical spectra
and reduction in the Q value at large distances. In addition, carrier suppression reduces the efficiency
of four wave-mixing in WDM systems. Thus, it is inferred that CSRZ format shows a better suitability
for DWDM systems over the conventional NRZ / RZ.

3.5. Simulation Set-Up for Duobinary Format (DRZ)

Duobinary format has shown the most promising results for the deployment of 40 Gbps
technology on the existing 10 Gbps WDM transmission. The main advantage of DRZ format is their
high dispersion tolerance and narrowband optical filtering. In this work, a 32 channel 40 Gbps
Duobinary modulated DWDM transmission system is designed and simulated for long haul
applications. Till now, this format has been studied for WDM systems with 50 GHz channel separation
[173], but with lesser number of channels or at a lower data rate [174]. Here, 32 DRZ transmitters are
multiplexed over the fiber to study the influence of pre, postand symmetrical
dispersion compensation schemes under two cases (i) perfect dispersion compensation (D = 0) (ii)
residual dispersion (D # 0). The residual dispersion scheme is further divided into two cases (i) under

compensation and (ii) overcompensation depending on the compensation ratio (CR).

The link is optimized and results are concluded on the basis of Q value and eye opening for multiple

transmission spans for varying signal input powers. The proposed 32 channel DWDM system consists



of a DRZ transmitter, fiber and photodetector receiver as shown in Fig. 3.13 with the central frequency
of the first channel as 193.1 THz. The simulation parameters are specified in Table 3.3.

Table 3.3: Simulation parameters

Bit rate 40 Gbps
Sequence length 64
Samples/bit 256

DWDM channel spacing | 50 GHz
Central frequency of the | 193.1 THz

1st channel

Capacity 32-channel 40-Gbps
Distance 60 Km X N Spans
Input Power -1 dBm

A. Transmitter section

The WDM transmitter consists of a PRBS generator, CW lasers, data modulators, filters and the optical
multiplexer. The PRBS generator generates bit sequences at the rate of 40 Gb/s with 27 —1 bits. The
emission frequencies of CW lasers are equally spaced and are in the range of 193.1-194.65 THz with
50 GHz channel separation. The extinction ratio of MZM’s is set at 30 dB. Each CW laser is driven by
a DRZ transmitter as shown in Fig. 3.9. The modulated optical signal is fed to the 32 input ports of an
optical multiplexer. To avoid crosstalk between the adjacent channels, before multiplexing, each

channel is optically filtered with a second order Gaussian filter having a bandwidth of 50 GHz.
B. Fiber section

The combined optical signal is then fed into the SMF. The fiber model in OptiSytem takes into account
the unidirectional signal flow, stimulated and spontaneous Raman scattering, Kerr-nonlinearity and
dispersion. Scalar model of both the fibers has been considered to negate the PMD. The fiber parameters
used are given in Table 3.2. EDFA’s with noise figure of 4 dB are placed after each fiber such that their
gain compensates for the losses in the preceding fiber. The signal is then launched over N spans of 60
km each. Fig. 3.13(a) shows the schematic of pre-compensation scheme where a DCF of 10 km is used
before the SMF of 50 km length to compensate for the dispersion and the nonlinearities. The gain of
the EDFA’s used in the link is 5 dB and 11 dB, respectively. The post-compensation scheme is shown
in Fig. 3.13(b) where to combat the accumulated dispersion a DCF of 10 km is used after a 50 km SMF.

In symmetrical-compensation scheme, a 10 km DCF is used in between the SMF of 50 km as shown



in Fig. 3.13(c). Here, three in-line-EDFA’s with a gain of 5.5 dB, 5 dB and 5.5 dB, respectively are

used
C. Receiver section

The receiver consists of the de-multiplexer, PIN detector, filters and 3R regenerator. To the 32 output
ports of the optical de-multiplexer, Bessel band pass filters with parameters: 3 dB cut off frequency =
47 GHz, order = 4, depth = 100 dB have been connected to separate out the individual channel. The
filter parameters have been optimized to give the best result. This optical signal is then passed through
PIN photodiode whose reference frequency is in the range from 193.1-194.65 THz respectively,
responsivity [A/W] =1 and dark current = 0.1 nA. An electrical low pass Bessel filter follows the PIN
photodiode whose cut-off frequency is determined by the modulation used and is optimized at 90 GHz
with order 3. Thereafter, a 3R regenerator is connected to the BER analyzer which generates graphs

and results such as eye diagrams, BER, Q value, eye opening etc.
3.5.1. Results and Discussions for DRZ format

The system analysis has been done under two cases: zero and residual dispersion in the link. For perfect
compensation, the parameters of DCF and SMF are chosen such that the first-order dispersion is
compensated exactly (D = 0) i.e. Dsmr Lsmr = Docr Locr. However, for. maintaining some residual
dispersion (D # 0) in the link, the CR has been varied from 95 % to 105 % to find the optimum value
of compensation length for pre, post and symmetrical schemes [175]. In this case the optimized DCF

length was 9.98 Km (less than 10 Km) which implies undercompensation case.

For system analysis, the results of the 16th channel have been considered as it corresponds to the worst-
case scenario. Fig. 3.16 (a) - (g) and Fig. 3.17 (a) - (g) depict the graphical representation of Q value
for perfect compensation and under compensation cases, respectively as a function of transmission
distance for power varying from 10 dBm to -15 dBm for all the three schemes. For a high data rate
WDM system it is desirable that the input power should be as low as possible to limit non-linear effects.

Keeping this in mind, the input power has been varied from -15 dBm to 10 dBm.



Q vahie at Pin= 10 dBm

35 T T T T
: : —— Pre-compensation
—& — Post-compensation
23 : — #= - Symmetric-compensation

o : :
ISP —— \\ ................................. T y
P
. " W= 1 _“_\
- Ny = .
1saB % © ; ~.
FEC Threshald : < el
10 i 1 1 i
0 60 120 130 240 300
Distance (Km)
Fig: 3.16(a)

Transmission performance over different distances reveals that, in perfect compensation case the
duobinary format shows the best performance in pre-compensation scheme whereas with under
compensation, symmetric configuration outperforms the pre and post scheme. It can be clearly seen
that for the same power level using under-compensation the transmission distance nearly doubles for

all the three schemes though the starting value of Q is lesser.

Though generally we do not operate at power level greater than 5 dBm per channel, the designed system
works well even at 10 dBm. Also, it can be seen that as the signal input power increases, Q value is
initially maintained for all the dispersion compensation schemes and then it starts decreasing. This is
evident from the fact that for low power values, the non-linear effects coming into picture are very
insignificant. However, as the power increases, the pulses tend to spread out overlapping with each
other as the non-linear effects like FWM and XPM start dominating reducing the Q value. This is in

close agreement with the reported results [176].
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Fig. 3.16: Q value as a function of transmission distance for perfect compensation (D=0) with different
dispersion compensation schemes: (a) Pin = 10 dBm, (b) Pin=5dBm, (¢) Pin=1dBm, (d) Pin=0
dBm, (e) Pin =-5dBm, (f) Pin =-10 dBm, (g) Pin = -15 dBm,



For perfect compensation, though in post and symmetric schemes Q value falls below the minimum
required 15 dB in 3 or 4 spans only, but for pre scheme the Q value is maintained above the threshold
up to 18 spans i.e. 1080 km for -10 dBm and -15 dBm as shown in Fig. 3.16 (f)-(g). At a high power
level of 10 dBm symmetric scheme performs better than pre or post schemes traversing a distance of
240 Km as shown in Fig 3.16 (a). The best Q value obtained is 34.44 dB at input power of -15 dBm at
60 km using post-compensation. Though the Q value for pre scheme is slightly less 28.72 dB for the
same distance but it maintains itself over a considerably large distance, falling to 13.63 dB at 1140 km.

For undercompensation case, post and symmetric schemes behave in a nearly similar fashion for power
levels from 10 dBm to -5 dBm with symmetrical performing moderately better
till 21200 Km as shown in Fig. 3.17 (a)-(d). This is an improvement over the results reported in [177].
It is seen in Fig. 3.17(e) that for transmission distances greater than 3500 km the Q value drops below
the threshold value of 15 dB due to the impact of intra-channel FWM and ASE noise of EDFA’s. The
most interesting results are observed at low power levels of -10 dBm and -15 dBm where the symmetric
scheme achieves a distance of 8000 km and 12000 km, respectively as shown in Fig. 3.17 (f)-(g). At

these powers even pre scheme shows good performance till 2500 km and post till 4000 Km.
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Fig 3. 17. Q value as a function of transmission distance for under compensation (D # 0) with different
dispersion compensation schemes: (a) Pin =10 dBm, (b) Pin =5 dBm, (¢) Pin=1dBm, (d) Pin=0
dBm, (e) Pin = -5 dBm, (f) Pin =-10 dBm, (g) Pin = -15 dBm.



This work presents a simulation setup to analyze a 32 channel x 40 Gbps DWDM system for long haul
transmission distance using DRZ modulation format. The designed system has been investigated to
evaluate its performance for pre, post and symmetrical dispersion compensation schemes for various
input signal power. It is found that as the signal input power increases Q value starts decreasing due to
the dominance of non-linear optical Kerr’s effects like cross phase XPM and FWM. It is concluded
that the symmetrical compensation scheme shows a superior performance in terms of Q value and eye
opening as compared to pre and post schemes for under-compensation while the pre-scheme shows a
better performance with perfect compensation. DRZ format being robust against the fiber nonlinearities
and optical Kerr’s effect can be used
for long haul transmission distance with the undercompensation method. The maximum transmiss-

ion distance achieved is9000 Km at -10 dBm input power and is 12000 km at -15

dBm power using symmetrical scheme with under-compensation.
3.6. Simulation Set-up for Modified Duo-binary Return-to-Zero (MDRZ) Format

MDRZ format has a much narrower optical bandwidth over the DRZ leading to greater dispersion
tolerance and higher fiber non linearity tolerance [177, 178]. This format has been examined till now
for DWDM systems [179], but involving lesser number of channels (typically 8 or 16) or
at data rate lesser than 40 Gbps [180]. Here, a simulation study is performed to test the proposed 40
Gbps MDRZ modulated system and compare its transmission performance under typical physical
impairments with the conventional duobinary transmission. These formats are also investigated to
analyze the influence of various dispersion management methods such as pre, post and symmetric
schemes. These schemes are studied with both perfect dispersion compensation and residual dispersion
as discussed previously and results are concluded by varying the input signal power, on the basis of
received Q value and eye opening information for various transmission spans. Here, the link was
optimized for best performance at a DCF length of 10.044 Km which implies over-compensation of
dispersion. The study also explores the potency of the integration of unequal channel spacing for

suppression of FWM in such optical link.

The simulation results are derived by solving the NLSE analytically using the SSFM. The parameters
used in simulation are highlighted in Table 3.4. The proposed DWDM link consists of 32 data

modulated MDRZ transmitters, a fiber section and 32 optical receivers as shown in Fig. 3.13.

A. Transmitter section



The DWDM transmitter setup comprises of a PRBS generators, DRZ and MDRZ modulators for the
respective cases, CW lasers, filters and the optical multiplexer and demultiplexer. The bit sequence is
generated by the PRBS generator at 40 Gbps data rate with 2° —1 bits. The CW lasers emit equally
spaced frequencies between 193.1-194.65 THz with 50 GHz channel spacing. MZM’s with extinction
ratio of 30 dB are used. CW laser is driven by a data modulator shown in Fig 3.9 and Fig 3.11 for DRZ
and MDRZ respectively to generate the modulated optical signal which acts as the input for the 32
input ports of an optical multiplexer. Crosstalk between the adjacent channels is avoided by optical
filtering each channel using a second order Gaussian filter with a bandwidth of 56 GHz in the

multiplexer.

Table 3.4: Simulation parameters

Bit rate 40 Gbps
Sequence length 128
Samples/bit 64

DWDM channel spacing | 50 GHz
Central frequency of the | 193.1 THz

1st channel

Capacity 32-channel 40 Gbps
Distance 60 Km X N Spans
Input Power -1 dBm

B. Fiber section

The multiplexed optical signal is then launched over the SMF. Table 3.5 enlists the fiber parameters
used. The fiber model considers attenuation, Kerr non-linearities, unidirectional signal flow, dispersion
effects and both stimulated as well as spontaneous Raman scattering. To suppress the deleterious
effects of dispersion over the link we have considered the three possible placement strategies of DCF
in the link (i) before the SMF called as pre-compensation scheme (ii) after the SMF referred as post
compensation scheme and (iii) symmetrical compensation scheme in which DCF is set between split
SMF's as shown in Fig. 3.13. All the configurations have been explored and the best one is used in
analysis of results. The length of the DCF is set such that the dispersion accumulated in SMF is
cancelled out. Negation of PMD is done by considering the scalar model of both the fibers. Fig. 3.13(a)
outlines the pre-compensation scheme where dispersion and the nonlinearities are compensated by
using 10 km DCF before the 50 Km SMF. The gain of EDFA’s is set to overcome the attenuation
encountered as signal propagates over both the fibers and is 5 dB and 10 dB, respectively. Fig. 3.13 (b)
shows the model used for post-compensation scheme wherein a 10 km DCF is used after a 50 km SMF

to combat the accumulated dispersion. Symmetrical-compensation scheme uses a 10 Km DCF between



the SMF of 50 Km as shown in Fig. 3.13(c). It uses three in-line-EDFA’s each with 5 dB gain, to
compensate for losses and a noise figure of 4 dB. The combined signal is then launched over N spans
of 60 km each.

Table 3.5: Fiber parameters

Fiber | Attenuation | Dispersion | Dispersion Slope | Mode Effective Non linear
(dB/Km) | (ps/km- nm) (ps/km-nm?) Area refractive index (nz)

SMF 0.2 17 0.08 80 2.6 x10%

DCF 0.5 -85 -0.45 30 2.6 x10%°

C. Receiver section
The complete receiver realization involves the de-multiplexer, PIN detector, filters and 3R regenerator.

At each of the 32 output ports of the optical de-multiplexer 2" order Gaussian band pass filters having
3 dB cut off frequency as 40 GHz, and depth of 100 dB are used to filter out the individual channels.
The filter parameters also have been optimized and various orders and cut-off frequencies were
explored to arrive at the best possible value practically. This filtered optical signal passes through
individual PIN photodiodes with responsitivity [A/W] of 1 and dark current of 0.1 nA, corresponding
to incoming reference frequency range i.e. 193.1-194.65 THz respectively. The electrical signal from
PIN photodiode then passes through a 4th order electrical low pass Bessel filter whose cut-off
frequency depends on the modulation format used and is optimized at 32 GHz. Thereafter, a 3R
regenerator is connected to the BER analyzer which generates graphs and results such as eye diagrams,

BER, Q value, eye opening etc.
3.6.1. Performance Investigation and Analysis

The performance of both DRZ and MDRZ formats was first investigated for all the three schemes i.e.
pre, post and symmetrical dispersion compensation in terms of the received maximum Q value and eye
opening. For system analysis, the results of the 1% channel were studied to correlate and infer the results
of other adjacent channels. For both DRZ and MDRZ formats, the optimum performance was observed
for the case of symmetrical dispersion compensation case which is in close agreement to the results
reported in literature [181], and hence this scheme was used throughout this case. After finalizing on
the symmetric scheme, we ran the simulations for two cases 1) Perfect compensation of GVD and, 2)

Residual Dispersion compensation of GVD.



For perfect dispersion compensation case, the parameters of DCF and SMF are chosen with an
objective to compensate the first-order dispersion exactly. However, to maintain a residual dispersion-
per-span (RDSP) [21, 27] in each map, we varied the CR between 95% to 105% to find the optimum
DCF length. This enables us to visualize the effects of both under compensation and over-compensation
which further mitigates the influence of FWM and XPM. The optimum length of DCF was found to be
10.044 km which corresponds to the case of over compensation. It was readily seen that the
performance of the link was improved substantially for MDRZ format by using over-compensation
over both perfect and undercompensated case. Thus, overcompensation method has been used to design
the proposed 32 channel long haul DWDM link. The present study also considers different power levels
and varied combinations of the channel spacing to visualize the impact of non -linearity on the overall

performance of the system

Fig. 3.18 (a) - (d) outline the performance of both DRZ and MDRZ format graphically for the over
compensated case in terms of the Q value as a function of transmission distance. To support high data
rate DWDM system, the input launch power must as low as possible to prevent the excitation of non-
linear effects. Hence, the input power is varied from — 5 dBm to 10 dBm. It is clearly seen from Fig.
3.18 (a) that that at low launch power of -5 dBm DRZ scheme performs better than MDRZ in terms of
satisfactory performance distance which is 1200 km for DRZ as compared to just 700 km for MDRZ
after which the Q value drops below 15 dB threshold.

It is observed that Q value for MDRZ is greater for a shorter distance but with a relatively higher slope
of attenuation degradation with length. This may be attributed due to the absence of high power carrier
component in the MDRZ format. However, as the signal propagates, the accumulated scattering
induced non-linearity adds up and degrades the performance and Q value. Obviously channel
impairments owing to non-linearity become more challenging for a multi-channel high power DWDM
system design. This led to the evaluation of the performance of such systems for various power levels.
Similar analysis made for 0 dBm of launch power is presented in Fig. 3.18 (b) which shows nearly
same qualitative behavior with a quantitative difference. DRZ here achieves a distance of 2700 km

while MDRZ manages around 2000 km which again is an improvement over the -5 dBm case.
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As the launch power was further increased it is seen that, the DRZ format does not shows significant
improvement in the maximum achievable distance but MDRZ still performs better up to 2700 km.
Another important inference can be made when we further increase the launch power to 5 dBm as
shown in Fig. 3.18(c) where MDRZ format performs better than DRZ accomplishing a total distance
of 2100 km while for DRZ the distance decreases to 1600 Km.
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Fig. 3.18: Q value as a function of transmission distance for (a) Pin = - 5 dBm (b) Pin = 0 dBm (c) Pin
=5dBm (d) Pin =10 dBm

Though the distance has decreased for both the formats at higher launch power due to the evolution of

non-linearities, but even at this power satisfactory performance is achieved with MDRZ format up to



2000 km. Though most of the designed systems don’t work satisfactorily at a power level higher greater
than 5 dBm, but the proposed system works smoothly even at 10 dBm power with MDRZ format
consistently performing better than DRZ as shown in Fig. 3.18 (d). While for DRZ, Q falls off at around
500 Km, MDRZ manages transmission over 500 Km. This observation reinstates the affirmation that
both DRZ and MDRZ formats are suitable for systems operating at high power levels, with MDRZ
showing good performance even at 10 dBm. Thus we can infer that for high-speed optical transmission
systems, duobinary coding significantly increases system dispersion tolerance while at the same time

reducing the sensitivity to non-linear effects while providing higher spectral efficiency.

Owing to the superiority of the MDRZ format over DRZ, this format was analyzed for unequal channel
spacing, for 16 and 32 channels to observe the impact of FWM cross products on such systems using
reported algorithm [182]. The study has also been extended for equal channel separation of 100 GHz
for 32 channels under perfect compensation scheme requiring a total bandwidth of 3.1 THz. For the
unequally spaced case, a minimum channel spacing of 50 GHz is considered and the channel
separations are, respectively, 125, 100, 75 and 50 GHz and vice versa resulting in the total unequal
bandwidth of 2.675 THz. Fig. 3.19 (a) and Fig. 3.19 (b) shows the comparison of equal vs. unequal

channel spacing for 16 channels and 32 channels, respectively.
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Fig. 3.19: Comparison of MDRZ format with equal and unequal channel spacing for (a) 16 channel (b)
32 channel case.

It is inferred that in both cases the unequal channel spaced network performs better than the equal one.
The maximum distance for 32 unequally spaced channels at 0 dBm launch power is around 600 km as
compared to 450 Km for the equal channel case. Moreover, there is an added advantage of bandwidth
saving when using unequal channel separation which saves around for ~ 225 GHz for the 16 channel

case, and approximately ~ 425 GHz for 32 channel case which is considerable bandwidth saving.
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Fig. 3.20. Comparison of eye diagrams for MDRZ format at 5 dBm launch power after (a) 60 Km and
(b) 1800 Km obtained from BER analyzer



The received eye diagrams of the first channel for MDRZ format is shown in Fig. 3.20 for a launch
power of 5 dBm. Fig. 3.20 (a) depicts the wide eye at a distance of 60 km while Fig. 3.20 (b) shows
the eye diagram after signal propagates through 30 spans i.e. 1800 Km. The eye has become
considerably distorted as a result of the FWM crosstalk arising due to the interference between the
transmitted channels and the FWM products generated at the channel frequency. Thus, it is concluded
that for DWDM systems MDRZ format performs better as compared to the conventional NRZ/RZ
owing to its higher tolerance to inherent noise, inter-channel cross-talk, FWWM spurious products along

with improved receiver sensitivity at higher power.

This work demonstrates the design of a 32 channel DRZ and MDRZ modulated optical link operating
with 50 GHz channel separation up to 2700 km using over compensation technique. The simulated
design has been investigated to evaluate optimum long haul distance by using different dispersion
compensation schemes for varying input signal power. The simulation predicts that the symmetrical
compensation scheme is a superior choice compared to pre and post schemes. It is also inferred that
over compensation of the residual dispersion per span makes DRZ and MDRZ superior for long haul
applications. MDRZ scheme performs substantially better than DRZ at higher launch powers by

suppressing the discrete frequency tones.
3.7. Summary

This chapter presented the various intensity modulated formats such as NRZ, RZ, CSRZ, DB and
MDB. The transmitter design of each format was discussed and simulation set up for 32 channel
DWDM system has been explored in detail. The proposed design strategy for non-linear effect
mitigation with superior dispersion management realizes an efficient DWDM system. The performance
analysis is presented via graphs and conclusions for each modulation format are discussed in detail to
understand the applicability of each scheme. It is clearly seen that in order to design an efficient optical
network having maximum capacity it is important to take into account all the contributing facts, such
as channel data rate, transmission distance, signal optical power, amplifier noise figure, channel
wavelength spacing, optical amplifier spacing, fiber dispersion and nonlinear parameter, dispersion
management strategy, receiver bandwidth and so on. In the next chapter phase modulated formats are

investigated in detail.



Chapter 4

Link Optimization through Phase Modulation

In high speed DWDM optical transmission systems, appropriate modulation formats having good
spectrum efficiency reduce non-linear transmission impairments effectively. There has been a
considerable research on the impact of nonlinear effects on signal degradation to limit the speed and
length of the DWDM links [183,184,185]. In such multichannel systems, XPM effect for OOK and
DPSK format has been studied theoretically [27], numerically [186] and experimentally [187]. Due to
random temporal waveform alignments of WDM channels, large variations of XPM degradation have
been predicted for OOK and DPSK signals [27,187]. Raman crosstalk dynamics in OOK soliton WDM
systems demonstrated the combined effect of delayed Raman response and bit pattern randomness on
pulse propagation in optical fiber communication systems [188-190]. The propagation was described
by a perturbed stochastic nonlinear Schrédinger equation and extensive numerical simulations were
performed with the model to analyze the dynamics of the frequency moments, BER, and the mutual
distribution of pulse position. In another study DPSK modulation was considered and stability of WDM
DPSK transmission against Raman crosstalk effects under the influence of inter-pulse Raman crosstalk
[185] was quantitatively explained. These approaches involve non-deterministic channel dynamics and

thus become a very complex problem to visualize and model the system for its performance analysis.

Recently, several multi-bit per symbol optical modulation schemes have been proposed as a
competitive method to achieve higher spectral efficiency with relaxed dispersion management and
improved PMD tolerance [191, 192]. Using multilevel signaling it is possible to increase the data rate
per channel, and thus improve the bandwidth efficiency. Multilevel modulation formats such as
DQPSK double the transmission rate by transmitting more information in the phase of the optical
carrier signal [193-195]. However, the corresponding DQPSK receiver requires more complex and
costly components including delay interferometers and balanced detection photodiode receivers [196].
The above studies along with other reported literatures [32, 38, 43, 44, 48, 78, 197, 198] show the
applicability of DPSK and DQPSK in optical communications for long haul optical link design.

Phase shift keying (PSK) is a digital modulation format in which information is carried by the phase

of the signal. In electrical communication systems it is well established that phase modulation provides



better performance and thus it may also be tested for an optical encoding system. In the early days, the
optical phase of the available sources was not stable enough to realize phase modulation schemes.
However, in the recent years, with the rapid improvement in coherent sources with active optical phase
locking capability, PSK scheme became feasible in practical optical systems. Phase modulation formats
are an attractive alternative over the intensity modulation formats, as they provide better spectral
efficiency and are highly tolerant to CD and channel non-linearities which facilitate a longer operating
distance [199].

In the present chapter, the focus is to study the performance of DPSK and DQPSK modulation format
for DWDM system. Both these formats have shown very promising results for the deployment of 40
Gbps technology over the existing 10 Gbps DWDM transmission infrastructures [200, 201]. Though
these schemes require complex trans-receiver architecture as compared to the IMDD method, but they
provide a significant improvement in the receiver sensitivity. In this chapter, first the suitability of
DPSK modulation format for a 1.28 Thps long haul DWDM optical link is investigated by proposing
a design model on the basis of simulation study of a 32 channel transmission system. Further, a DQPSK
based 32 channels 40 Gbps link is designed in Optisystem and its performance was compared to DPSK
format. In order to realize a better physical intuition about the performance of such an optical link, a
Matlab Simulink model based on the discussed mathematical model (Chapter 2) has been developed in
the next phase to analyze the performance of a single channel DQPSK link. This block based Simulink
model involving the linear and non-linear characteristics turns out be very time consuming and complex
even for a single channel case and becomes much tedious in case of a multi-channel long haul system
and thus we attempt a professional software platform to study and analyze a practical multi-channel
optical link. However, to gain an intuitive understanding of high speed propagation, such a modeled
system is quite helpful in developing a realistic practical long haul optical link. The following sections

present the functional architectures of the DPSK and DQPSK transceiver used in simulation study.
4.1. Differential Phase Shift Keying (DPSK)

The use of DPSK in optical systems operating at moderate bit rates involving heterodyne detection
were extensively studied in the early 1990s but could not be commercialized due to the requirement of
phase matching and complex receiver design. The high capacity potential of such schemes motivated
the researchers to innovate and implement suitable circuits for DPSK implementation [202]. This

design relaxes the strict requirement on the laser source line width for an increased bit rate. Further,



DPSK design has been improved incorporating its various variants to exploit their spectrum distribution
to enable long-haul, high capacity optical communication systems [203]. It has been observed that
variants of DPSK like RZ-DPSK and CSRZ-DPSK exhibit a superior transmission performance than
standard DPSK owing to its reduced SPM effect. The constant amplitude modulation in this scheme
mitigates the non-linear impairments by reducing the pattern-dependent nonlinear effects such as XPM
by making the amount of XPM-induced nonlinear polarization rotation constant and deterministic.
Although, the tolerance of DPSK and CSRZ formats to fiber nonlinearities is similar, but the improved

sensitivity of the former results in a superior system performance.

The main advantage of using DPSK compared to intensity modulation is a 3-dB receiver sensitivity
improvement [197,198] and the lower OSNR requirement. It may be noted that in case of OOK
modulation scheme, the constellation length is E;, however for DPSK this increases to v2E;
translating to a ~ 3-dB advantage in OSNR tolerance. In DPSK, information is encoded by impressing
phase shifts onto an optical carrier wave. Instead of using the absolute phase of the optical signal to
carry the information as in PSK format, DPSK signal uses the previous bit as its own phase reference.
DPSK encodes information on the binary phase change between adjacent bits: a 1-bit is encoded onto
a  phase change, whereas a 0-bit is represented by the absence of a phase change. In this format, the
serial data is converted into a differentially encoded pattern using suitable inverse-XOR functions. The

phase difference of the DPSK signal is described as:

A = P — br—1 - (41)

where k and k-1 stand for the k™ and k-1" bits. By using this differential method, all patterns can be
correctly demodulated when the phase difference is stable. The next subsection describes the design

models of the transmitter and receiver block of DPSK used in the simulation study.
4.1.1. DPSK Precoder

As DPSK modulation is based on differential detection, it requires pre-coding of the transmitted
sequence in order to facilitate a reliable recovery of the data at the receiver [204]. The pre-coder for
DPSK is similar to the pre-coder required for duobinary modulation. Fig. 4.1 shows an optical DPSK

system with a precoder scheme on the bottom left.
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Fig. 4.1: Generalized schematic diagram of a DPSK transmitter

Delay

The precoder contains a XOR gate with a one-bit delay feedback loop form its output. The precoding
function could be expressed as:

bk = ak® bk—l (42)

where a;, € {0, 1} is the original transmitted binary data sequence. b, € {0, 1} is the precoded binary
sequence and @ is logic XOR gate. After a DC block and an amplifier, sequence is shifted to ¢, € {+1,
-1}, which is used to drive DPSK modulator. A binary 1 is encoded if the present input bit and the past
encoded bit are of opposite logic and a binary 0 is encoded if the logic is similar. Table 4.1 illustrates
how digital signals are converted at different stages of a DPSK transmission system. A reference bit is

needed to initial the differential encoding process. This reference bit could be set to logic “0” or “1”.

In this case, it is set to be logic “0” at the time instant K = - 1.

Table 4.1: Different digital signals at different stage for DPSK modulation

Time instant K -1 0 1 2 3 4 5 6
Transmitted data a;, 0 1 1 0 1 0 0
Diff. encoded data by, 0 0 1 0 0 1 1 1
MZM drive signal ¢, -1 -1 | 41| -1 | -1 | 41 | 41 | 41
MZM drive voltage +V, | =V, | =V, | +V, | =V, | =V | +V, | +V, | +V},
MZM electric field +E | +E | +E | —=E | +E | +E | —=E | —E | —E
Transmitted phase ¢ 0 0 T 0 0 T T T
Phase difference|¢| 0 is is 0 is 0 0
4.1.2. Modulator Architecture

As DPSK modulation carries the information in the optical phase, the most straightforward modulator

configuration is based on a phase modulator. An (ideal) phase modulator changes only the phase of the



optical signal, which results in constant amplitude. However, as the electro-optical bandwidth of a
practical phase modulators is limited, the 180° phase transition is not instantaneous, which introduces
chirp between symbol transitions. In the presence of chromatic dispersion and/or nonlinear
impairments, this chirp limits transmission tolerances. The practical DPSK transmitter design is,
therefore based on a MZM. DPSK (or more correctly NRZ-DPSK) can be generated using a single
MZM. The MZM must be biased at a null, and the electrical NRZ drive signal amplitude is amplified
to 2V}, [46- 48]. The output phase actually varies between 0 and 7 for successive intensity peaks in the
MZM transmission curve. Thus, by biasing the MZM at a null, and using a high-power RF driver
amplifier with V,_,, ~ 21, we can modulate the output phase between 0 and , producing an optical
PSK signal. When the electrical data signal is differentially encoded prior to the MZM driver amplifier,
the MZM optical output becomes DPSK. Employing an intensity modulator (instead of a pure phase
modulator) to generate optical DPSK has the advantage that exact m phase shifts are produced.
However, some residual intensity modulation is present in the signal but does not cause any problem
in decoding of the DPSK signal, as it occurs between the bits. Note that DPSK can also be generated
with RZ pulses by employing an RZ pulse carver in addition to the DPSK modulator. In this case, the
transmitter output is a periodic RZ pulse train, with the phase of each pulse modulated between 0 and
7 according to the data. Thus, there are actually two forms of DPSK: so-called NRZ-DPSK and RZ-

DPSK and are discussed next.

4.1.2.1. NRZ-DPSK
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Fig. 4.2: Block diagram of NRZ-DPSK transmitter

Fig. 4.2 shows the block diagram of a typical NRZ-DPSK transmitter. Like duobinary, the data signal
is first differentially encoded at the transmitter, which avoids error propagation that may occur by

differential decoding at the receiver. This DPSK encoded electrical signal is then used to drive an



electro-optic phase modulator to generate a DPSK optical signal. A digital “1” is represented by a ©
phase change between the consecutive data bits in the optical carrier, while there is no phase change
between the consecutive data bits in the optical carrier for a digital “0”. A very important characteristic
of NRZ-DPSK is that its signal optical power is always constant. However, the optical field shifts
between “1” and “-1” (or the phase shifts between “0” and “n”) and the average optical field is zero.
As a consequence, there is no carrier component in its optical spectrum unlike in case of NRZ-OOK

which has a strong carrier component.

Intuitively, because of its constant optical power the performance of NRZ-DPSK should not be affected
by optical power related nonlinear effects such as SPM and XPM. However, when chromatic dispersion
is considered, this conclusion is not entirely true. Phase modulations can be converted into intensity
modulation through GVD, and then SPM and XPM may contribute to wave form distortion to some
extent [205]. In a long distance DPSK system with optical amplifiers, nonlinear phase noise is usually
the limiting factor for phase-shift-keying optical signals. Several papers have proven that PSK or DPSK
optical coding is vulnerable to nonlinear phase noise, a phenomenon called Gorden-molleneur effect
[206,207]. ASE noise generated by optical amplifiers is converted into phase noise through the Kerr
effect nonlinearity in the transmission fiber and disturbs the signal optical phase to cause waveform

distortions.
4.1.2.2. RZ-DPSK

In order to improve system tolerance to nonlinear distortion and to achieve a longer transmission
distance, return-to-zero DPSK (RZ-DPSK) is a preferred solution. Similar to NRZ-DPSK modulation
format, the binary data encoded as either a “0” or a “n” phase shift between adjacent bits having a
narrower optical pulse width. In order to generate the RZ-DPSK optical signal, one more intensity
modulator has to be used compared to the generation of NRZ-DPSK. The block diagram for RZ-DPSK

transmitter is shown in Fig. 4.3.
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The phase modulated signal is generated by first encoding the NRZ signal using a precoder that drives
an electro-optic phase modulator which generates a conventional NRZ-DPSK optical signal. Then this
NRZ-DPSK optical signal is modulated by a clock signal through an electro-optic intensity modulator
which is driven by a sinusoidal electrical signal with half the data rate. To generate the DPSK signal,
the MZM is biased at the trough point and is driven with a binary electrical driving signal that has
amplitude of 2V, instead of V. Thus, the driving signal moves between two adjacent crest points that
differ in their phase by n. Sometimes RZ-DPSK is also referred to as intensity modulated DPSK (IM-
DPSK) because of its additional bit-synchronized intensity modulation. In this modulation format, the
signal optical power is no longer constant; this will probably introduce the sensitivity to power-related
nonlinearity like SPM. The narrow optical pulse exhibits in form of wider spectrum for RZ-DPSK as
compared to the conventional NRZ-DPSK. Intuitively, this wide optical spectrum would make the
system more susceptible to chromatic dispersion and thus requires a suitable dispersion compensation
scheme. These encoded pulses have to be effectively demodulated at the receiver. In the next subsection

simulation model for DPSK receiver is being discussed.
4.1.3. DPSK Decoder

A critical element in any DPSK system is the demodulator, which converts phase modulation into
intensity modulation for detection at the receiver by photodiode. The demodulation of PSK signals

requires knowledge of the carrier phase to recover the information bits. If the channel induces phase



rotations or distortions, a technique is needed for estimating the phase of the carrier at reception. This
is accomplished by a synchronous optical carrier that is recovered at the receiver so that absolute phase
information can be correctly extracted without ambiguity. This is referred as coherent detection which
offers high receiver sensitivity but needs costly and complex components including optical phase
locked loops and phase matching devices [208-210]. Under the assumption that the channel-induced
phase rotations are slower than the symbol rate (i.e., the effects of the channel can be considered
constant over at least two symbols), demodulation can be simplified by use of differential encoding of
the information. The carrier then need not be regenerated, and one can instead use non-coherent self-
homodyne (interferometric) detection schemes.

Balanced detection

Ea(t) = Y2 [E(t) + E(t-T)]

Delay
Interferometer

DPSK Signal
DWDM and »
' »

ASE Filter
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Eo(t) = /2 [ E() - E(-T)O

Fig. 4.4. Schematic of a DPSK receiver

In a generic DPSK receiver as shown in Fig. 4.4, the differential phase modulation is converted into
amplitude modulation using a Mach-Zehnder delay-line interferometer (MZDI) which correlates each
bit with its neighbor and make the phase-to-intensity conversion. It demodulates the differential phase
between each data bit and its successor, which implements the differential de-coding of DPSK
modulation. It splits up the signal in two copies, delays one copy by a single bit period AT and then
recombines that with the other arm to create optical interference. The transfer function of the MZDI is

defined through,

uy(t) =r(t) + exp(jAg) r(t — AT) .. (4.3)



where u,.(t) is the constructive and destructive component, respectively. r(t) is the input signal and
A¢ the phase difference between both interferometer arms. The phase difference (Ag) is ideally equal
to 0 or = 7. This can be understood by noting that for this phase shift and an unmodulated input signal,
destructive interference occurs at one of the outputs and constructive interference at the other output.
Hence, the output ports of the MZDI are referred to as the constructive and destructive port,
respectively. For constructive port, when the two consecutive bits are in-phase, they are added
constructively in the MZI and results in a high signal level; otherwise, if there is a @ phase difference
between the two bits, they cancel each other in the MZI and results in a low signal level. For destructive

port, it is vice-versa.

Direct Detection Balanced Detection
Data
* —> * Data
—

Fig. 4.5: DPSK receiver configurations: (a) Direct detection (b) Balanced detection

Both the constructive and destructive output port of an MZDI carries the full information of the DPSK
signal. Therefore, detecting either only the constructive or destructive output is sufficient. This is
known as single-ended detection as shown in Fig 4.5(a). But in order to obtain the ~ 3-dB OSNR
improvement of DPSK over OOK modulation, both MZDI output ports have to be detected
simultaneously. This is known as balanced detection, which uses two photodiodes followed by a
differential amplifier as shown in Fig. 4.5(b) and the same has been used in our simulation study. The
transfer function of a DPSK receiver using MZDI and balanced detection is now defined by the

following equation where u(t) is the output after balanced detection:

u(t) = luy O = lu_(@®)|?
2 2 ..(44)

- %r(t) + exp(jAd))%r(t _an)| - Er(t) — exp(jAd) %r(t — AT)

Using this MZDI detection scheme, DPSK receiver architecture has been designed for the present

simulation study and is presented in Fig. 4.6.
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Fig. 4.6: Block Diagram of DPSK Receiver

It consists of a MZDI and a dual photodiode balanced receiver interfaced appropriately with the
incoming optical bit sequences. The DPSK signal is detected differentially as the receiver has no phase
reference, and hence the phase of the preceding symbol is used as the phase reference. Due to this, a
precoder discussed previously is usually utilized at the transmitter side which is similar in structure to
the duobinary pre-coder. This encoding in the initial bit sequence allows the demodulation of the
transmitted signal at the receiver by using a MZDI and balanced photodiodes. Then the two
photocurrents are combined (logical subtract) to double the signal level. At a certain input optical signal
level, this means a 1.5 dB increase in the receiver Q. In a DPSK system, since signal amplitude swings
from “1” to “~1”, in the ideal case, when a balanced photo-detection and a matched optical filter are
used, its receiver sensitivity is 3 dB better than a conventional OOK system, where the signal swings
only from “0” to “1” [57]. However, this advantage in performance must be weighed against the

increased complexity and cost of the MZDI with balanced detection.
4.2. Differential Quadrature Phase Shift Keying (DQPSK)

A significant number of multi-level modulation formats have been proposed incorporating modulation
in either amplitude, phase or polarization [211,212]. In order to minimize the OSNR requirements and
maximize nonlinear tolerance for long-haul transmission systems, modulation formats with phase
and/or polarization encoding appear to be the most acceptable. So many bandwidth efficient multi-

level schemes have been explored for their suitability in optical communications. Among these, QPSK



modulation format having four-phase-levels seems to be a promising one and is an extension of the
binary PSK signal. In PSK format we transmit one bit per symbol and hence the symbol rate equals the
bit rate, but for the QPSK format, it is more efficient because it transmits two bits per symbol and hence
the symbol rate is half the bit rate. The merit is that the effects of dispersion are considerably less for
this modulation format [213, 214].

As mentioned in the discussion about DPSK format, the phase synchronization required for the
coherent detection is difficult to achieve at the optical frequencies. It requires addition of optical
frequency locked loops at each receiver ina WDM system, and is cumbersome. Therefore, a differential
scheme called DQPSK is commonly used. It provides a suitable alternative as it, like QPSK, transmits
2 bits per symbol and hence the symbol rate is half the bit rate. QPSK and DQPSK differ by the
encoding on the transmission end and the detection/decoding on the receiver end. In DQPSK, the
symbol information is encoded as the phase change from one symbol period to the next rather than as
an absolute phase (QPSK). In this case, the receiver has to detect phase changes and not the absolute
value of the phase, which avoids the need for a synchronized local carrier and reduces the cost and

complexity of the system.

So multilevel DQPSK format has received considerable attention recently [50, 68, 69, 71, 81] and is
gradually becoming a research focus owing to its good tolerance capability against dispersion, better
spectrum utilization and greater suppression of nonlinear effects [215, 216]. In DQPSK scheme, two
bits are transmitted for each symbol, inserting a phase reference of “i1/2” in between the phase of “0”and
“1” which doubles spectrum utilization. Thus, for the same bit-rate DQPSK has half the symbol rate,
resulting in increased tolerance to dispersion and nonlinearities and thereby lowering the component
cost. Moreover, its much narrower spectrum allows a closer channel spacing which leads to reduced
cost, relaxed dispersion management, and improved performance with suitable dispersion maps. The
compressed spectrum is beneficial for achieving high spectral efficiencies in DWDM systems, as well
as for increased tolerance to CD and PMD present in the optical channel. Evidently in DQPSK the
number of constellation points is doubled and the distance between the constellation points is halved
as compared to DPSK case and thus it supports double bit rate for the same symbol rate. However, the
halved constellation distance requires, at least, a 3-dB higher OSNR for the same BER. Thus, usually
DQPSK is used at half the symbol rate of binary modulation to obtain the same total bit rate with lower

OSNR penalty in comparison to DPSK modulation.



4.2.1. DQPSK Precoder

Due to the differential nature of decoding in DQPSK, a precoding function is required to provide a
direct mapping of the data from the input to the output [217] taking care that the received data streams
are identical to the original transmitted data streams. The precoder for the DQPSK transmitter operates
at a clock rate which is half of total transmission data rate. Since the DQPSK signal is composed by
the two orthogonal patterns, both I and Q patterns should be known. Fig. 4.7 shows a schematic of an
optical DQPSK precoder to be implemented in the simulation study.
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Fig. 4.7: Schematic of an optical DQPSK precoder

Table 4.2 : The transmitted and received data bit streams at different stages for an optical DQPSK
system

Time Instant k -1 0 1 2 3 4 5 6 7
Binary Data U, 1 0 0 1 1 1 0 1
Binary Data V;, 0 0 1 1 0 1 1 0
Precoded Data I 0 1 0 1 1 0 0 1 0
Precoded Data Qy 0 0 1 1 1 1 1 1 1
I/P Voltageto MZM (1) | =V, | +V, | =V | +Vp | +Vo | =V | =Vo | +V | =V
I/P Voltageto MZM (Q) | =V, | =V, | +V, | +V, | +V, | +V, | 4V, | +V, | +V,

O/P Electrical Field Eq | +1+j | -1+j | +1-j | -1- | -1-j | +1-j | +1-) | -1-j | +1-]
Transmitted Phase ® | n/4 |3n/4 | 7n/4 | 5n/4 | 5n/4 | 7n/4 | 7n/4 | 5n/4 | Tc/4

Phase Difference A® /2 vis 3m/2 0 /2 0 3n/2 | /2
Received Data u; 1 0 0 1 1 1 0 1
Received Data vy, 0 0 1 1 0 1 1 0

With the use of a precoder before the optical encoder, the original input data signals U, and V,, are
mapped to the phase changes (A®,). The phase change corresponds to the phase difference between

the current phase @, and the previous phase @, _;. This phase difference contains the transmitted



information that can be extracted at the receiver by the DQPSK decoder. The functional operation of
DQPSK pre-coder is described in terms of logic functions [45, 60] as below:

I =Vie @ Ii1Qp—1 + U @ (Ix-10Qx-1) .. (4.5)
Qu = Uy @ L1Qk—1 + Ve D -y Q1) .. (4.6)

where U, and V;, are original input binary data streams, I, and Q, are precoded data streams after
precoder, I;,_; and Qy_, are one bit delay version of pre-coder outputs I, and Q. The two precoded
signals I,, and Q@ are used to drive MZM to produce optical DQPSK signals. The transmitted and

received data bit streams at different stages for an optical DQPSK system are also shown in Table 4.2.
4.2.2. Modulator Structure

Compared with a QPSK system, though the configuration of a DQPSK system is less complex, but
needs larger size and consumes more power of the optical transceivers and thus poses a challenge to

the designers [218]. The block level architecture of a DQPSK [-Q transmitter is realized using
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Fig. 4.8: Block Diagram of DQPSK Transmitter

A 40 Gbps signal is produced by a PRBS generator. To ensure that the received signal is detected

accurately during demodulation by using two set of interferometers and balanced receivers, a precoding



component is needed to avoid iterative decoding, incorrect transmission and lower the complexity of
the hardware. This DPSK precoder generates two encoded | and Q signals which modulate the first and
second MZM for four level phase modulation. The last modulator generates the RZ signal of different
duty cycles. The output phase difference of DQPSK is n/2, and the modulation method is inseparably
related to the precoding. Using this transmitter structure, we take advantage of the near perfect © phase
shifts produced by MZMs, independent of drive signal overshoot and ringing. Second, this transmitter
structure requires only binary electronic drive signals, which are much easier to generate at high speeds

than multilevel drive waveforms.
4.2.3. Demodulator Structure

Like at the transmitter, one also strives to work with binary electrical signals at the DQPSK receiver
due to implementation benefits in high-speed electronics. The DQPSK demodulator is a key component
for converting the optical phase modulation into intensity modulation. The conventional “self-
homodyne” DQPSK receiver includes two MZDI for demodulation of each quadrature, followed by

balanced detection [219, 220] as shown in Fig. 4.9.
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Fig. 4.9: Block Diagram of DQPSK Receiver
To simultaneously receive the two transmitted data streams, the decoder needs two MZDI to match the
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phases of the | and Q branch in order to achieve the required delay in the two arms, thus realizing the

coherency and cancellation of the optical signals. Two balanced detectors are also needed in the



receiver as in DPSK demodulator, enabling the upper and lower branches to implement the required
phase separation of n/4 and -n/4. The DQPSK signal is thus first split into two equal parts, and is used
in balanced receivers with differently biased delay interferometers to simultaneously demodulate the
two binary data streams contained in the DQPSK signal. MZDI delay is kept equal to the symbol
duration for DQPSK demodulation, which is twice the bit duration. In DQPSK transmission,
information is encoded into optical phase shifts in both quadratures of the optical carrier, thus doubling
spectral efficiency compared to binary modulation formats [221].

4.3. Numerical Simulation Model and System Description

The simulation of signals in an optical fiber transmission system system involves modeling of the
generation, propagation and reception of the transmitted signal. The trade-off of any simulation is
between accuracy and time. Usually it requires a large amount of time and resources, to research,
develop, test and improve the complex models required to implement an optical system simulator. Due
to the availibity of commercial optical system simulators, with sophesticated simulation algorithms,
easy-to-use graphical user interfaces, and reasonable prices, it was decided to use Optisystem 10.0
simulator to evaluate the transmission performances of various phase modulation formats. It is a well-
accepted standard simulator and contains simulation modules for active and passive photonic
components, different fiber types, different built in digital signal processing modules, time domain and
frequency domain analyzers, electrical signal sources, filters and other related sub-systems. This
simulator can also be interfaced with other programming languages such as Matlab® to enable the

users to define and implement the custom modules and integrate them with Optisystem.

To begin with a single channel optical link employing DPSK and DQPSK formats at 40 Gbps has been
designed for an optimum performance. Then, the channel numbers were gradually increased to 32 with
a channel spacing of 50 GHz to achieve an overall capacity of 1.28 Th/s. The simulation analysis has
been performed in the C-band (1530 nm — 1565 nm) for different types of fiber to evaluate the system
performance for the attempted modulation formats. The proposed 32 channel DWDM system
schematic is depicted in Fig. 4.10 with the central frequency of the first channel as 193.1 THz. In
literature, these formats have been investigated with 50 GHz channel spacing, but with a lesser number
of channels or at a lower transmission data rate. In this work, both the formats are studied under
different dispersion compensation arrangements. Pre, post and symmetric compensation arrangements
have been analyzed to investigate the non-linear mitigation performance in this proposed design. In

pre-compensation scheme a DCF of 10 km is used before the SMF of 50 km length to compensate for



the dispersion and the non-linearities. The gain of the EDFA’s used in the link is 5 dB and 11 dB,
respectively. In the post-compensation scheme to combat the accumulated dispersion a DCF of 10 km
is used after a 50 km SMF. In symmetrical-compensation scheme, a 10 km DCF is used in between the
SMF of 50 km as shown in Fig. 4.10. Here, three in-line-EDFA’s with a gains of 5.5 dB, 5 dB and 5.5
dB, respectively are used. It was observed that post compensation scheme provides an optimum
performance for both DPSK and DQPSK formats in agreement with the results in the literature [217]
and hence this scheme has been used in the present analysis. The results are analyzed on the basis of Q

value and eye opening for multiple transmission spans stretching up to 1600 km in a specific case.
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Fig. 4.10. Schematic of simulation setup

The input power has been varied and the signal is launched over N spans of 60 Km each. The WDM
transmitter consists of a PRBS generator, CW lasers, data modulators, filters and the optical
multiplexer. The emission frequencies of CW lasers are equally spaced and are in the range of 193.1—
194.65 THz with 50 GHz channel separation. The extinction ratio of MZM’s is set at 30 dB. Each CW
laser is driven by a data modulator shown in Fig. 4.3 and Fig. 4.7 for DPSK and DQPSK respectively.

The modulated optical signal acts as the input for the 32 input ports of an optical multiplexer



In DWDM systems, the mutual interaction between the signals and also between signals and the
accumulated ASE noise leads to the inevitable linear and nonlinear crosstalk impairments. Hence, for
an accurate comparison between the two modulation formats, optimization of optical and electrical
filters at both the transmitter and receiver side is indispensable [222]. Keeping this in mind, we have
evaluated the filter performance on the basis of receiver sensitivity in terms of the received Q value.
Optical filters of both

multiplexer and  de-multiplexer were modeled by using the transfer

function of ‘elevated cosine’ type with the center at the signal carrier frequency. We
optimized the type and order of both the multiplexer and the de-multiplexer filter as filter characteristics
play a significant role in link design. In Table 4.3, a comparison of the number of loops traversed with
different types and order of filters is presented by changing the multiplexer filter order while keeping

the de-multiplexer filter order fixed as 2.

Table 4.3: Multiplexer Filter optimization

Filter No Q value Q value Q value
Order | of loops With with with
Bessel Filter | Gaussian Filter | Rectangular
3 1 23.56 24.29 18.85
5 23.17 21.74 18.48
10 21.4 19.02 17.81
15 19.99 16.84 17.06
20 17.71 15.41 15.66
25 16.49 14.2 14.32
4 1 23.36 24.04 18.85
5 22.82 21.93 18.48
10 21.84 18.72 17.8
15 19.61 16.95 17.06
20 17.92 15.31 15.43

The table clearly shows that though the starting Q value of both Bessel and Gaussian filters is same,
we can get a longer transmission reach with the Bessel filter and thus we have used it in our design.
For the rectangular case the initial Q value is too small, so the link designed will not be very stable.
We also evaluated the optimum optical and electrical filter bandwidth required for efficient signal
transmission and results point out that for smaller channel spacing, larger electrical bandwidth is
required. Keeping this in mind, in order to avoid crosstalk between the adjacent channels, before
multiplexing, each channel is optically filtered using a third order Gaussian filter with a bandwidth of
50 GHz for DPSK and a fourth order Bessel filter with a bandwidth of 50 GHz for DQPSK format.



The combined optical signal is fed to the SMF taking into consideration of unidirectional signal flow,
stimulated Raman scattering, Kerr-nonlinearity and dispersion. A scalar model of both the fibers
segments has been considered to negate the effect of PMD. An SMF with attenuation () 0f 0.22 dB/km,
D of 17 ps/km-nm and dispersion slope (S) of 0.08 ps/nm?/km at 1550 nm, nonlinear refractive index
(n2) of 2.6x1072° m¥* W, and core effective area of the fiber (Aefr) as 80 um? has been considered. The
DCF segment used in each span has o of 0.5 dB/km, D of -85 ps/km-nm, S is -0.45 ps/nm?/km at 1550
nm, Nz = 2.6x 1072° m¥W and Aesr = 30 pm?.

The receiver consists of the de-multiplexer, demodulators, filters and 3R regenerator. The output at 32
port de-multiplexer has been simulated to evaluate the required filter parameters. The design shows an
optimized performance with a third order Gaussian filter of bandwidth 50 GHz for the DPSK case, and
a second order Bessel band pass filter with a 3 dB bandwidth of 50 GHz for the DQPSK case. The
receiver modules discussed in Fig 4.6 and Fig 4.8 are used for DPSK and DQPSK respectively.
Thereafter, a 3R regenerator is connected to the BER analyzer which generates graphs and results such

as eye diagrams, BER, Q value and eye opening.
4.4. Results and Discussions

The performance at receiver is degraded owing to power penalty caused by various limitations of
system components and channel degradations. The spontaneous emission accumulated noise in EDFA
puts the minimum required amplifier noise figure Fn to be 3 dB even in the ideal case. Hence, to observe
the performance of the designed optical system under ASE imposed limitations, we have considered
the value of Fn as 4 dB for a fully compensated GVD case. DCF and SMF fibers meet the specifications
mentioned in previous section. The signal is then launched over N spans of 60 km each comprising of
50 km of SMF and 10 km of DCF, respectively.
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Degradations due to nonlinear effects are kept manageable by ensuring low values of the launched
power into SMF viz., - 1 dBm ,0 dBm and 1 dBm. Fig. 4.11 outlines the safe operating distance for
both these formats w.r.t the Q value with varying launch power. It is observed from Fig. 4.10 (a) that
at a launch power of -1 dBm, DPSK scheme performs better than DQPSK till 1500 km, after which the
Q value drops below the 15 dB threshold, however DQPSK still provides an acceptable Q value up to
a transmission distance of 1700 km. As we increase the launch power to 0 dBm, both the schemes show
comparable performance to yield a safe operating distance of 1400 km as shown in Fig. 4.10 (b).
Further enhancing the input power to 1 dBm, it is seen that DQPSK consistently performs better than
DPSK to provide a safe transmission distance of 1200 km as compared to 900 km for that of DPSK as
shown in Fig. 4.11(c). Thus, it is inferred that for higher powers DQPSK performs better than DPSK
because of its narrower spectrum and relatively higher tolerance to non linearities. Non-linear effects
accumulate in such high speed multi-channel optical link and add up with GVD induced delay to
manipulate the spectrum of the data transmitted. The next subsection presents a simple OptiSytem link
model to implement different combinations of dispersion compensation to evaluate the link

performance.
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Fig. 4.11: Q value as a function of transmission distance for (a) Pin = -1 dBm (b) Pin = 0 dBm (c) Pin
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4.4.1. GVD limited system

Group velocity dispersion induced impairments limit the system performance by introducing ISI at

high data rates. The analysis for GVD induced degradation has been made by employing the simulation



setup as shown in Fig. 4.10 with SMF length as 10 Km. Here, the CR has been varied from 95% to
105% to find the optimum value of DCF length to maintain a RDSP in each map. This enables us to
visualize the effects of both under compensation and over-compensation which further mitigates the
influence of FWM and XPM for both DPSK and DQPSK systems. Based on the optimizations after
the simulation run, the DCF length is chosen to be 9.94 km and 9.989 km for DPSK and DQPSK
respectively, which corresponds to the case of under-compensation of the RDSP. ASE noise has been
neglected by setting the EDFA noise figure to 0 dB. This setup allows us to investigate the proposed
system performance under GVD induced degradations, ignoring PMD effects also. In the simulation
to avoid nonlinear effects, low values of launch power are considered viz. -10 dBm, -5 dBm and -1
dBm and variation of Q vs. the operating length is examined as shown in Fig. 4.12.
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Fig. 4.12 (a) reveals that for very low power levels of -10 dBm, the DPSK modulated system manages
to run for 10 spans i.e. a distance of 600 km while the DQPSK based network remains below the
threshold even after the first span i.e. 60 Km. However, as the launched power is increased to -5 dBm,
for the initial spans DPSK shows a much better Q value of 27 dB while for DQPSK the Q value is
around 19 dB as shown in Fig. 4.12(b). Both the schemes start to follow each other beyond 600 Km
and achieve a safe operating distance of 1000 Km before degrading below the 15 dB FEC threshold.
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Fig. 4.12: Q value as a function of transmission distance for (a) Pin = -10 dBm (b) Pin = -5 dBm (¢)
Pin=-1dBm

Further, as the power is increased to -1 dBm, DQPSK performance degrades slowly with distance to
provide a larger operating length of 900 Km as depicted in Fig. 4.12 (c). It is observed from the analysis

that the DQPSK modulation format is more suitable for higher values of power as it offers generous



system margin due to its high spectral efficiency and relatively good tolerance to fiber degradations

making it desirable for long haul transmission using under compensation method.
4.4.2 XPM limited system

XPM effect becomes more dominant with higher values of launch power. Hence, the XPM-induced
signal degradation has been evaluated using the simulation set up of Fig. 4.9 for three different power
levels viz., 0 dBm, 1 dBmand 5 dBm to observe its influence on system performance. An SMF segment
of 50 km and a 10 km DCF is used to avoid GVD induced degradations and EDFA is assumed to have
a noise figure of 0 dB to neglect ASE noise. The curves for the estimated Q values vs. transmission
distance with different launch powers are presented in Fig. 4.13. A closer analysis of Fig. 4.13(a)
reveals that at 0 dBm launch power initially DPSK performs better than DQPSK modulated system,
but for distances over 1200 Km, the latter is more efficient.
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For the 1dBm launch power case as in Fig. 4.13 (b), DQPSK outperforms DPSK from the first span
and maintains superiority up to 1500 Km. Another interesting observation is seen in Fig. 4.13(c) for a
5 dBm launch power wherein the DQPSK based setup substantially outperforms DPSK system. While
the DPSK modulated link declines below the limiting FEC value at around 600 km but the DQPSK



modulated system operates fairly well up to 1000 km which is approximately the double of the distance

managed by the former.
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This observation reinstates our assertion of the fact that DQPSK scheme is the right choice when we
need to design a high power DWDM system due to its higher tolerance to dispersion, and greater ability
to suppress nonlinear effects

4.5. Conclusion of Optisystem Simulation

This chapter presents a simulation setup to analyze a 32 channel 40 Gbps DWDM system for long haul
transmission using DPSK and DQPSK modulation format. The proposed system has been investigated
to evaluate its performance with pre, post and symmetrical dispersion compensation schemes. The link
has been analyzed for full compensation and under compensation of dispersion to see the effect of ASE,
GVD and XPM. It is found that as the signal input power increases, Q value starts diminishing due to
the dominance of non-linear optical Kerr’s effects like XPM and FWM. The analysis concludes that

the post compensation scheme is a superior choice over the pre and symmetrical schemes.

For low values of launch power, DPSK is the preferred choice with perfect compensation. However,
the DQPSK modulated optical link outperforms the DPSK link at higher launch powers due to its high
spectral efficiency enabling it to tolerate the dispersion induced degradations. It is also inferred that by
maintaining a residual dispersion per span, the DPSK and DQPSK based system can achieve significant
safe operating distance up to 1000 km and 1600 Km respectively. The DQPSK scheme provides a
longer safe operating distance with a compromise of a complex and costlier transmitter and receiver
design. The analysis reports that the decision of choosing between DPSK or DQPSK depends on a
trade-off between the spectral efficiency and the tolerance to nonlinear impairments and thus provides

an insight for a practical DWDM system design.
4.6. DQPSK optical Simulink Model

In order to investigate the performance of DWDM systems in the presence of fiber non-linearities
various analytical models using the solution of NLSE have been proposed [223]. Modeling and
theoretical analysis of DWDM system provides interesting intuitions and understanding, but becomes
quite tedious and time consuming complex problem. This involves expert knowledge in areas of
physical EM and spectral optical dispersion in confined media and related linear and non-linear optical
signal processing capabilities. Unfortunately, system specifications such as the total transmission
distance, the number of WDM channels, the channel spacing, the allowable power per channel, the

amplifier spacing, etc., cannot be easily modeled to develop a mathematical expression for the signal



transmission in real optical communication link. Alternatively, numerical simulation of such systems
can be used to simplify this problem and then to approach some suitable experimental and realistic
cases to evaluate the fitting parameters to make the simulation as accurate as possible. This approach
thus offers better insight in system design and allows fixing the optimized system parameters [224,225].
Therefore, computer simulation plays an important role in the design, optimization and evaluation of
system performances in the presence of linear and nonlinear impairments occurring in practical long

haul optical links.

Simulink [226] is a graphical programming environment for modeling and simulation analysis of
communications systems. The flexible nature of the simulation platform offered by Simulink allows a
simulation ease for understanding practical modern optical communication systems. It provides the
flexibility to incorporate the various photonic components as either user-defined or fixed which can
also be enhanced or removed from the model as per the design requirements [227,228]. Here, we have
used Matlab/Simulink model to study the effects of nonlinear distortion on the transmission capacity
of DWDM based optical communication links. The simulation model considers the different optical
components used in link design with their behavior as represented initially by theoretical interpretation
in Chapter 2. The included transmitter topology, MZM module and, the propagation model for optical

fibers enables to realize an operational experimental WDM configuration.

Basically, a DWDM system comprises of a transmitter module, multiplexer, fiber loop sections
consisting of filters and in-line amplifiers, de-multiplexer component, and a receiver block. The
proposed model describes the detailed operation and need of every component used and its
representation in Simulink blocksets for a single channel long haul link. The evaluation of the system
performance and its tolerance effects of design parameters is studied in terms of BER and eye diagram
analysis. This designed model can be extended to more than one channel to realize WDM system. The
next section describes the approach followed for system design through simulation, the various models
developed in Simulink as counter part of the DQPSK based transmitter and receiver as well as the fiber
model and the various assumptions applied. The next section discusses the designed sub-blocks and

findings of the analysis.

4.6.1. Simulation Approach



The complete schematic has been developed in three main steps, in correspondence with the major
components of an optical link i.e. transmitter, fiber and receiver model [229]. Fig. 4.14 shows the

developed schematic model of DQPSK based single channel optical transmission link.
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Fig. 4.14: Simulink block schematic of single channel DQPSK Link

The link is initially simulated only for a point to point transmission link operating at 10 Gbps to
visualize the basic transmission characteristics of DQPSK format. The designed model has been further



investigated by adding or altering few new blocks to optimize the system performance as per the need.
Simulation initialization begins by defining and declaring the variables such as bit-rate, fiber length,
simulation time, number of transmitted di-bits for the RZ-DQPSK optical link. These values are
properly defined in a Matlab m-file which needs to be run prior to simulation. The time for the

simulation was set to 1071° seconds.
4.6.2. Assumptions

Simulink DSP blockset and Simulink Communications blockset are used to effectively model fiber
optic systems. In the present transmitter design, chirping effects from the DFB laser are assumed to be
absent and an ideal signal generator is used corresponding to the fixed wavelength of light wave.
Further an X-cut LINbO3 MZIM is used with negligible insertion losses, coupling losses and
recombination losses. The model assumes that the optical intensity characteristic of the MZIM is ideal,
translating to a large extinction ratio. The minimum output power, Pmin, 0f the MZIM is modeled to be

close to zero at the minimum transmission point.

We used Matlab subsidiary program Simulink to develop the models whose block sets support data
types of discrete sources/ values, hence a method to convert the continuous waveforms to
corresponding discrete values is a prime requirement. As Matlab processes and stores data in discrete
form, the input waveform and other signals need to be sampled at a certain interval T, to ensure
synchronization and enable correct processing and minimize sampling errors. Nyquist sampling time
is used in the sample time fields of blocks, wherever required to maintain the integrity of the signals.
Nyquist theorem states that the sampling interval must be at least twice the highest frequency in the

system ( fsampting = 2B) and hence the sampling time for the simulation has been set accordingly as

1 _
Tsampling = 55 § = 2.59 x 10 15,

4.6.3. Transmitter Model

The transmitter for the generation of DQPSK modulated signal is developed first. An important feature
of the DQPSK modulation format is that it provides double the bandwidth and better spectral efficiency
over OOK. Moreover, non-coherent detection further reduces the overall cost of the system design.
DQPSK uses four-symbol states {0, w/2, © or 37/2), compared to two possible symbol phases (0 or )
as in DPSK. To encode the desired di-bit combination we vary the phase difference, Ad mod, between

the two adjacent symbols systematically. The transmitter block model in Simulink includes digital



pulse shaping and sampling circuits and various pulse conditioning and modulating circuits. The
Simulink model of complete transmitter block and its various sub-components are depicted in Fig. 4.15
and are briefly discussed in next sub-section.
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The transmitter design is realized in three stages consisting of; a RZ pulse carving MZIM (to generate
the desired RZ pulse shape), an MZIM (to generate 0 or m phase shift) which is coupled with a Phase
modulator (PM) to induce appropriate phase shifts (0 or 7/2) in the optical carrier. This design allows



to achieve the four phase states of the optical carrier as needed in DQPSK modulation format, {0, n/2,

7 or 3m/2}. Random binary generators operating at 10 Gbps drive both the MZIM and PM.

The driving signal of MZIM is generated by a 10 GHz signal as shown in Fig. 4.16(a) to set the input
to the ‘Complex Phase Shift” block ‘Ph’ to be a value between 0 and pi. The phase of the optical carrier
at the ‘In’ port is shifted by the amount of ‘Ph’ by this block and is then added to an unaffected optical
carrier which simulates the Y recombiner of the MZIM in Simulink environment. The second MZIM
(as designed in Fig. 4.16 (b)) and the PM (Fig. 4.16 (c)) perform the phase modulation on this received
signal from the output of Fig. 4.16(a).

The second MZIM acts as a phase shifter when biased at the minimum transmission point offering two
possible states 0 or w. Usually a PM which provides a m phase difference is used, but its performance
deteriorates at high data rate and it becomes costly if phase correction circuits are also interfaced [15].
So a MZIM based design is proposed with Simulink blocks and shows a satisfactory performance up
to 40 Gbps. The optical carrier splits at the input of the MZIM, resulting in an output of two optical
pulses beating together, if some phase change is there in the lower arm. As the pulse transmission is
modeled only through the lower MZIM arm, so either a 0 or © phase difference is experienced by the
carrier depending on the digital driving voltage signal value. A random NRZ bit pattern is generated
by the ‘Bernoulli Binary’ block whose value is multiplied by pi to get a value of either {0, w}. This is
sampled via unit delay block every bit period i.e. at 100 ps for 10 Gbps operation and results in a phase

shift of 0 or m of the RZ-pulse carved optical carrier.



Za0edsyI0 M 01
ZinowE 4
aiiuy-apmubey
EaaedsyIoN 0] 0] ¥adwon
Einows 4 w4
Ho

Hys
358U ¥ajdwos

@,

uyg sseyg'd
¥a|dwon U

-

| 80BdSYION 0L
L ZHANOWE
JUEEUD]
Jmod
7 JeugInoLag
1 ¢ X agnop | Aeuig
4 l|nouiag
adog ajnop Supnaian)
g
0Edsylop 0]
alll]
854 74 _ﬂ_ EEcEinows

()

Fig. 4.16 (b): MZM Lower (Pi) Subsystem in Transmitter Model
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The Phase Modulator (PM) shown in Fig.4.17 (c) operates on a similar principle, but the multiplier to
the random NRZ bit-stream is 7/2 rather than @. This bit stream is made different from that driving the

MZIM by usage of an additional 'unit delay block’ at the output of the Bernoulli Binary generator. It



causes the original bit stream to be delayed by one-bit interval, thereby ensuring that ‘uncorrelated’
data drives both the MZIM and PM and enables to achieve during simulation run-time all the four

possible states of the signal constellation.

4.6.4. Linear Fiber Propagation Model
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Fig. 4.17: Single Mode Optical Fiber (SMF) Block



In high speed optical link design suitable dispersion management strategies have attempted to achieve
performance improvement and hence a Simulink based model is proposed mainly to consider the
dispersion effects and explore the methods to combat it by incorporation of DCF. This model is based
on the assumption that we can treat SMF as a bandpass filter having a flat amplitude response in the
passband [16]. To simulate fiber propagation in real sense, we have considered the attenuation effects
as an extension of model. The mathematical background has been discussed in detail in Chapter 2 and
hence here, we present only the transfer function of the fiber as:

2 . (4.7
H(f) — e—jnD(/l)A_fZ — e—jnD(A)ALf ( )
C

As it is more convenient to operate in frequency domain, rather than performing the tedious, time
domain convolution, the output of the fiber Xou(f) for a given input signal Xi» (f) is given by Eq.(4.8)
and can be implemented by the Simulink block given in Fig. 4.17.

Xout(f) = H(F)Xin(f) .. (4.8)

Thus, by performing the FFT operation on the input signal which is multiplied by H(f), and then taking
the IFFT allows to represent fiber propagation accurately with some additional chromatic dispersion,
thus linearizing the model. The simulation assumes D(A) smr = +17 ps/nm.km at 1550 nm wavelength,
L = 80 Km for the standard SMF fiber with no optical amplifiers and a DCF of 16 Km with a
corresponding, D(A) pcr = -85 ps/km-nm to effectively cancel the accumulated dispersive effects.
Corning fiber SMF-28 with a specified attenuation of 0.2 dB/km is used, implying a total 16 dB
attenuation of power after 80 km which is considered in a Simulink gain block of 0.03 at the top of the

model. A similar DCF model has been realized with parameters set to combat dispersion along the link.
4.6.5. Receiver Model

The DQPSK receiver model attempts, within Simulink capabilities, to simulate efficient decoding of
the DQPSK modulated signal. The demodulation and detection stage can be considered as ‘non
coherent’ scheme due to the differential nature of the modulation process, resulting in the absence of a
local oscillator (LO) and no extra photonic hardware requirement as in conventional detectors, making
this method quite captivating for researchers. The receiver configuration is shown below in Fig. 4.18

and efficiently demodulates the signal transmitted along the 96 km dispersion compensated fiber span.
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Fig. 4.18: Receiver model including noise sources

The ‘Complex Phase Difference’ block at the input of Receiver block as seen in Fig. 4.14, deduces the
phase shift between the received symbol whose phase is encoded and the reference signal produced
directly by the transmitter prior to modulation. Due to the periodic nature of the optical carrier the
output of this block varies continuously, so to rule out this problem, the ‘Phase difference’ is sampled

every 100 ps for 10 Gbps operation. This sampling is performed by the first unit delay block of Fig.



4.19 and the optical phase difference between the adjacent symbols is extracted to perform the phase
to intensity conversion operation of the MZDI, allowing the information coded in phase to be converted
into detectable intensity information.

As only the real component of the received signal is considered, we add an extra +n/4 phase shift to
the phase difference Admod OF the signal received. From the phase information received, the
corresponding output intensity of the MZDI is determined as

I = 05 COS(AQ)mOd + AQ)DI + (SQ)DI (49)

+
where, 60, = Tn

The last term, §@,; is the phase offset originated from the MZDI and results in addition of extra phase
noise to the system, to reduce the eye opening at the receiver. This effect arises due to the thermal
instability of the heaters, inducing the required +n/4 phase shift, and thus resulting in random values
about this bias point. This phase offset noise has been modeled in Simulink by assuming a maximum
possible value of §@p; and using a random ‘Gaussian White noise generator’ with small variance as
depicted in Fig. 4.19. Once we have the intensity equivalent of the phase difference, the need to convert
received optical signal to electrical by the single-ended photodiode arises. A photodetector (PD) detects
the received modulated signal of the transmitted optical power P(t) to generate a primary photocurrent

given by:

_nqP .. (4.10)
o =R

which clearly points out the need to multiply the power, which is obtained from the MZDI, by the
photodiode Responsivity,R(= nq/hf) which has a typical value of 0.5A/W.
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Fig. 4.19: Phase Offset Subsystem in Receiver Model

For analysis of the eye diagram generated by the received ‘real’ bits, the eye diagram pattern is
approximated by the I pulse variable in our simulations. As the MZDI characteristic is cos-like, we
treat the current waveforms forming the eye-diagram to show cos-like behaviour. The I pulse variable

is expressed as:
Ipulse =-0.5cos(t)+0.5 , 0<t<2m ..(4.11)

As the received optical signal is generally quite weak so we use an electronic amplification circuitry,
after the photodiode, to ensure an optimum SNR. As the prime aim is to model the optical components
used in real experiments in the best possible way, the effects of three noise sources is considered: the
quantum shot noises ish , the PD dark current noise ig and the thermal (Johnson) noise iw. The major
contribution from the PIN photodiode based receiver noise is calculated and superimposed over the
ideal photodiode signal current. The total current generated by the photodiode when optical power falls

on it is given by:

itotal = lSlg + <In0ise2) ...... ] Where (ITIOI:SEZ) = (IShZ) + (Ith2> + (Idk2> e (4.12)
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Fig. 4.20. Photodiode/Amplifier Noise Subsystem in Receiver Model

The amplification of the photodiode current is a critical requirement to ensure correct retrieval of data.
The gain related to an amplifier is implemented with NF of 0.5 dB, translating to an 11% amplifier

noise addition to the current waveform. The gain of this is set to 33 dB which translates to a power gain



of 44.67. The addition of the photodiode noise to the photocurrent, the amplifier gain and addition of
amplifier noise models developed in Simulink are presented in Fig. 4.20.

4.6.6. Simulation Results

The simulation begins once the initialization file is run and the variables are loaded into the Matlab
workspace. All the Simulink models have been connected properly and all the subsystems are working
when simulated individually. The simulator displays the following window scopes in real time:

e MZIM and PM NRZ electrical random data driving signal;
e Optical power spectrum of single channel post transmitter and at receiver inputs;
e Single photodiode electrical current eye diagram scope at the receiver with no Photo diode/amp
noise; and
e Single photodiode electrical current eye diagram scope post transmitter, and at the receiver
super imposed by all noise sources.
Other time scopes in the simulator system can be manually opened during simulation run-time. The
importance of certain data representation is left to users and can be disabled if required. However, the
scopes selected to be displayed present a good overview of the current system design and allow, in
particular, BER estimation directly from the eye diagram traces. Perfect signal propagation is seen in

the Transmitter Block as visualized on the time scope of the transmitter subsystem in Fig. 4.21.
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Fig. 4.21: Time scope of transmitter subsystem
The eye diagram obtained is outlined in Fig. 4.22 which shows a snapshot of the simulation on run and

depicts the intermittent values on various signal scopes. The eye diagram is not very clear which points

out certain discrepancies to be resolved in this model.
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Fig. 4.23: Electrical current eye diagram generated at Rx with SMF link, No DCF inserted with
PD and amp noise added.
For the case of no dispersion management we have calculated a BER of 6.2 x 10 as shown in Fig.

4.23. We thus now include the DCF fiber module in series with the SMF fiber and look at the positive
effects of exact phase difference detection and improved BER. Since the dispersion factor of the DCF

is approximated to exactly equalize all dispersion effects of the SSMF we expected an error-free eye



diagram at the receiver. We obtain the following eye diagram traces as shown in Fig. 4.24 and derive
the Q-factor and its corresponding BER.
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Fig. 4.24: Electrical current eye diagram generated at Rx with SMF & DCF inserted with PD and

amp noise added
The BER of 102 achieved for 10 Gb/s single channel DQPSK dispersion compensated transmission
system is considered error-free for single photodiode detection schemes. As mentioned earlier our
intentions are to compare our simulated results with those published and experimentally conducted. In
some published works, BER values extend to as low as 10 regions for single PD detection [223]. In
practice, it is more common to use balanced detection receiver configurations they have shown to offer
a 3 dB power improvement. If balanced detection is implemented, the BER would be expected to be
107

4.6.7. Conclusion of Simulink Modeling

The designed Simulink model demonstrates a 10 Gbps single channel DQPSK modulated optical link.
In this model, corresponding Simulink blocks for the transmitter, fiber channel comprising of repeater
loops, dispersion compensation and the receiver and other related sub-components are developed. The
flexible nature of Simulink and its wide range of pre-designed block sets allow several important
features for implementation of optically amplified transmission systems. Due to the good linkage
developed between all parts of the optical fiber systems, the optimization of various block components
is achieved. This simulator has, as required, simulated the most complex modulation format of the
family of optical modulation techniques proposed in literature of digital optical communications. The
nature in which the simulator has been designed in Simulink allows for future development of the

DPSK and other optical modulation formats, e.g. multi-level M-ary schemes. The flexible nature of



Simulink allows the system to be customized to handle different fiber types, and can with simple
alteration of the transmitter and receiver even implement the DPSK modulation format. Presently, this
has been designed for DQPSK transmission; however certain components from this simulator may be

used to generate new simulators suitable for alternative modulation formats.

This model provides a better physical intuition to visualize the transmission characteristics of DQPSK
signaling in a realistic optical link and thus the proposed design considers a single channel link. The
present model becomes quite complex to analyze and interpret for a DWDM system due to their
multiple linear and non-linear distortions and unpredictable spread in spectrum. Even upgrading the
data rate from 10 Gbps to 40 Gbps caused the simulations to crash intermittently due to high
computational complexity and time consuming iterations. So to get an intuitive understanding of such
a complex DWDM scenario together with numerous signal interactions and their interplay, for a 32
channel DQPSK link operating at 40 Gbps, a professional platform Optisystem is used. This 32 channel
DQPSK link is the compared with the corresponding 40 Gbps 32 channel DPSK link to get an insight

into the performance of phase modulated formats.



Chapter 5

DQPSK Modulated Ultra DWDM System

The amount of traffic carried on backbone networks has been growing exponentially over the past two
decades. Internet traffic, driven by multitude of new users and bandwidth—hungry applications, is
rapidly surpassing all other forms of voice and data transfer within today’s communication networks.
The required network bandwidth increases between 40% and 60% per year due to the rapid emergence
of new communication services: social networking, 4K video, data traffic of smart phones and tablets,
and cloud services. Enabled by such multifarious and the ever increasing traffic, which is mainly
composed by high bandwidth data traffic, the optical fiber infrastructure is undergoing an evolution
process in order to meet the array of wide variety of applications [137, 230]. The explosion of these
services has led to the necessity of implementing new technologies in optical transport networks which

increase their capacity.
5.1. Challenges Involved

Optical networks have rapidly evolved in a way that enables re-configurability characteristics and
capability of handling high speed DWDM traffic. As the demand for such data traffic grows, suitable
capacity enhancement strategies are achieved by, first, laying down more optical fiber links, second,
by increasing higher bit rate per channel (10 Gb/s toward 40 Gb/s, even 100 Gb/s), and third, by
applying more efficient use of the available fiber links [2, 231, 232] as described in the literature survey
presented in Chapter 1. The first method requires a lot of infrastructural layout and is extremely costly.
The second method is limited by the speed of commercially available electric devices, which is limited
to 40 Gbps nowadays. The third method based on employing advanced multilevel modulation formats
having better spectral efficiency, provides a cost-effective solution to achieve desired capacity.
Transmission structures with phase modulation and differential coding and interferometer based
reception for phase difference extraction are being used for 40 Gbps systems as discussed in Chapter
4. Usually, the application of advanced multilevel modulation formats in closely packed channels
enhances the spectral efficiency of such fiber optic communication channels from 0.4 (b/s/Hz) to 1.6
(b/s/Hz) and beyond.



To enable the deployment of 40 and 100 Gbps services in optical terrestrial networks, high data rate
channels must be loaded on an already existing WDM infrastructure designed for 10 Gbps OOK
channels while reducing the channel separation down to 25 GHz. Photonic networks based on DWDM
technologies require wavelength conversion to accommodate and route the channel wavelengths in
various light paths. Such a configuration requires low crosstalk and small guard bands, especially for
multiband transmission. However, wide guard bands around the pump wavelength are normally
required to suppress the signal quality degradation caused by the parametric crosstalk among the WDM
signals in the conversion process, especially if the channel spacing is narrow. The modulation format
employed in the upgraded channels must thus feature both high spectral efficiency and good tolerance
to narrow optical filtering. So the designer has to be extremely flexible in selecting a number of
properties such as the type of modulation, efficiency, bit rate and the channel spacing needed for a long
haul optical link. Therefore, all these factors must be studied in detail simultaneously to realize a higher
spectral efficiency and greater total throughput in a long haul communication link [233]. So in this
chapter 25 GHz-spaced DWDM transmission is being investigated intensively to support increase in

traffic demand [234], by best utilization of the bandwidth resources.
5.2. Background work

Optical fibers have a unique feature of low threshold for nonlinear effects. When large number of
signals simultaneously co-propagate in optical fiber, due to high power confinement nonlinear effects
come into picture. In presence of optical amplifiers, these nonlinearities are greatly enhanced. The
nonlinear effect SRS causes power transfer from one channel to another while XPM and SPM cause
phase modulation of DWDM channels. The modulation of power and phase in one channel due to
nonlinear effects in adjacent channels is considered as crosstalk in the present research work. Phase
modulation of signals due to SPM and XPM gets converted to intensity modulation through dispersion
and thus results in waveform distortions. Depending on fiber chromatic dispersion and its management,
XPM induced nonlinear phase shift may become very detrimental for WDM signals [235,236]. In
DWDM transmission systems, XPM induces a broadening of the signal spectrum and so wider optical
filter bandwidth is required at the receiver. This degrades the system performance, because more
spontaneous emission noise enters the receiver and becomes more critical at 25 GHz channel

separation.



In reference [27, 237], authors extensively compare intensity and phase modulation formats with
respect to chromatic dispersion, PMD, WDM crosstalk, optical amplifier noise, narrowband optical
filtering and fiber nonlinearity. Phase modulation formats offer higher spectral efficiency and OSNR
tolerance at the cost of transceiver's complexity. In [238], authors investigate different types of formats,
such as CSRZ, DB, RZ-DPSK, NRZ-DPSK applied in WDM-PONSs for link distances from up to 50
km and rates 1.25 Gbps, 2.5 Gbps and 10 Gbps. The study given in [239] shows a detailed performance
comparison of various types of DB and PSBT formats for 40 Gbps and mixed 10/40 Gbps long-haul
WDM transmission systems based on SMF and LEAF. Both DB and PSBT formats are more robust to
intra-channel Kerr nonlinear effects than NRZ and offers an acceptable compromise between
robustness to OSNR degradation and chromatic dispersion immunity. On the other hand, DB is a little
bit less resistant to differential group delay than NRZ. DPQSK is primarily limited by XPM and is

more suitable for transmission based on SMF.

Authors in [240] evaluate the performance of 42.7 Gbps DWDM systems for formats such as NRZ-
OOK, DB, NRZ-DBPSK and RZ-DQPSK. Results from simulations show that RZ-DQPSK combined
with Least Effective Area Fiber (LEAF) for 50 GHz channel spacing and spectral efficiency of 0.8
bit/s/THz can provide approximately 50% improvement in terms of transmission distance over
implementations based on other fiber and modulation formats. In [241], DPSK and DQPSK formats
with NRZ, 33% RZ and CSRZ are investigated in 160 Gbps channels. Chromatic dispersion, higher-
order chromatic dispersion, nonlinearity and OSNR are considered as well. Simulation results show
that RZ-DQPSK offers the longest reach, NRZ-DQPSK offers the highest dispersion tolerance and RZ-

DPSK enables the highest nonlinearity tolerance.

Other advanced solutions have recently been designed such as PDM-QPSK. PDM has been widely
denoted either by polarization multiplexing, polarization division multiplexing, dual polarization or
orthogonal polarization [242]. PDM-QPSK combined with coherent detection [243] and advanced DSP
offers a very promising modulation format designed primarily for 100 Gbps optical channels. Authors
in reference [244], investigate the performance of 100 Gbps PDM-QPSK channels for 8 Thps
transmission over a dispersion managed link based on low dispersion fibers. Experiment in reference
[245] compares the system performance of 80 Gbps x 112 Gbps long-haul PDM-QPSK DWDM
transmission over large-area fiber and SMF spans. Other modulation formats for 100 Gbps and higher
rates are recently under research, e.g. the Dual Polarization Multi-Band OFDM (DP-MB-OFDM)
format. Authors in reference [246] show that DP-MB-OFDM and PDM-QPSK offer nearly the same



performance at 100 Gbps after transmission over a 10 km x 100 km fiber line. Another promising
modulation format for transmission rates of 100 Gbps [247] is the combination of polarization division
multiplexing with Quadrature Amplitude Modulation (QAM) formats. Experiment in reference [248]
shows the suitability of 256 Gbps PM-16 QAM and 128 Gbps PM-QPSK modulated signals in long-
haul and submarine systems with span lengths over 100 km.

Stupendous advances in optical communication has enabled the researchers to combine DWDM,
optical time-division multiplexing (OTDM) and optical code-division multiple access (OCDMA)
systems. Moreover, coherent fiber optic systems involving homodyne or heterodyne detection schemes
have also been extensively explored [249]. The high receiver sensitivity offered by these systems
motivated a huge surge in their demand but were not commercialized due to costly and complex
components and challenges in the proper design of optical PLLs. More recently [20,251] coherent
optical systems are re-emerging as an active domain of research due to relaxation in line width
requirements and development of sub-megahertz line width lasers. High-speed DSP techniques have
enabled the implementation of critical operations like phase locking, frequency synchronization and
polarization control in the electronic domain. These developments led to the realization of stable
coherent receivers but are costly and still have scope for further improvements. So in this work the
design of a 25 GHZ spaced UDWDM optical link is targeted using a simple transmitter and receiver
architecture. A crucial decision while doing so is to choose the modulation format to be used which is

discussed in the next section.
5.3. Optical DQPSK in UDWDM system

Some formats are better suited than others when it comes to tight WDM channel packing, quantified
by their spectral efficiency. Apart from SE-dependent nonlinearity considerations, there are two
concern impairments arising from dense channel spacing: crosstalk and filter narrowing. An optical
channel can be affected by two different types of crosstalk [233]: linear or inter-channel crosstalk
(undesirable power of adjacent DWDM channels in the desired band generating interferences at square-
law detection) and homodyne or intra-channel crosstalk (also known as Multipath Interference or MPI)
[252], which describes the coherent interference of a signal with residual signals at the same
wavelength due to imperfect, reflective fiber connectors, double-Rayleigh backscattering, or due to
from imperfect drop capabilities of Optical Add Drop Multiplexers. The former is quite easy to avoid

with optimal filtering of the desired band, but the latter is hardly removed by optical filters. In general,



phase modulated signals are more tolerant to linear and homodyne crosstalk than intensity modulations.
In analogy to linear crosstalk, undesirable power in-band with the signal gives rise to signal-MPI beat
noise at square-law detection becoming amplitude jitter in the eye diagram, so that the eye penalty in
DQPSK is lower than in OOK signals due to the fact that information is encoded in the optical phase.
Strictly, the impact of crosstalk on system performance depends on the number of interferers, the
OSNR delivered, the modulation format and the signal’s waveform (in particular the signal extinction

ratio, and the phase coherence of the interfering signals) [253-255].

After the phase and the amplitude, the state of polarization is considered as the third dimension for
encoding data on optical signals. Polarization-multiplexing is an efficient way for transmitting two
entirely independent signals simultaneously over the same bandwidth, using the two orthogonal
polarizations of light. Nowadays, polarization-multiplexing is widely believed to be an indispensable
part of any high SE optical transmission system. A SMF in reality has a split of the fundamental mode
into degenerate modes orthogonal polarized, constituting the x and y components of the E field vector.
These orthogonal modes can be used to simultaneously carry two independent channels, thus doubling
the information throughput. The reasoning is that when a monochromatic radiation having a certain
polarization has imposed on it a change of SOP (state of polarization) to the orthogonal SOP (antipodal
position), this orthogonality survives the propagation process, and the received states of polarization
remain orthogonal. There are two posible ways of carrying out Polarization Division Multiplexing; the
first is to employ a co-channel arrangement, in which two channels having the same carrier frequency
are orthogonally polarized [256] and the second is to apply polarization interleave multiplexing, in
which each channel is orthogonally polarized to the neighboring channels [257, 258]. We have used

the first arrangement in our simulations to increase the capacity of the optical link.

So keeping all the above discussed parameters in consideration an interesting approach to increase
capacity is to use a large number of closely spaced channels. The optical bandwidth of the used
amplifiers and the frequency separation between adjacent channels, are the two factors which limit the
number of channels supported on such a link. Incorporation of multilevel modulation formats in
DWDM system has led to the exploration of the 25 GHz channel grid, popularly known as UDWDM
systems, a new research frontier. Transmission on the 25 GHz grid has been reported previously for
long-haul and submarine applications [259]. It demands several wavelengths spaced by a few GHz to
be launched over several Kms of an optical fiber, resulting in substantial nonlinear crosstalk which

deteroirates the system performance. Although the spectral density and the total transmission capacity



of a 25 GHz grid may not be up to the mark to that provided by a 100 Gbps system operating on the 50
GHz grid, but a system with lower data rate operating on the 25 GHz plan offers a feasible alternative.

Strong optical pre-filtering is a critical need to ensure low crosstalk during transmission of high speed
data over the narrow channel spacing, whereas, excessive filtering leads to ISI, making the
determination of a suitable modulation format tolerant to tight optical filtering a vital factor. Among
the proposed modulation formats that meet these requirements, DQPSK has been investigated using a
standard incoherent receiver. It's compression in frequency offers higher SE compared to DPSK
primarily at 40 Gbps, as well as increased tolerance to CD and PMD due to its longer symbol length
and, doubles the bit rate for a given bandwidth. As a multi-level modulation format, DQPSK encodes
2 bits/symbol practically achieving a SE of 1 b/s/Hz and is compatible with 50 GHz/25 GHz DWDM
spacing grid [255]. In this chapter, the challenges in supporting spectrally efficient 40 Gbps DQPSK
modulation format are addressed by examining an UDWDM link, in terms of distance achievable for
a target BER of 10°° using Optisystem 10.0. Till now, various schemes have been proposed in literature
to transmit DQPSK modulated signals over long haul distance, but most of them use lesser number
of channels [260] or, operate at a lower bit-rate [261] or use complex signal processing either at the
transmitter or the receiver end using coherent detection [243, 262]. We discuss here, the generation,
transmission and detection of alternate-polarized DQPSK signal to support transmission at 25 GHz
channel spacing by a simple method. The theory and transceiver structures required for DQPSK
modulation have already been discussed in detail in the previous chapter. The same modulator and
demodulator structure with the addition of alternate polarization for each subsequent channel is used

in this chapter to realize a cost—effective UDWDM system.
5.4. Numerical Simulation Model and System Description

The major issues critical for the design of current and future UDWDM systems are the relationship
between transmitted signal modulation format, bit rate, optical channel spacing and parameters of
multiplexer and de-multiplexer filter [121,190]. Rigorous study and efficient modeling of non-linear
effects, has resulted in various approaches, each focusing on the features and requirements of the
system being analyzed. In DWDM environment, nonlinear propagation phenomena leads to either
intra-channel effects, which manifest themselves as non linear inter-symbol interference, or inter-
channel effects, such as XPM and FWM, and in a complex network scenario, these distortions are

random and are customarily treated as noise. The primary objective of analytical models of fiber



propagation is to characterize this noise accurately in terms of its statistical properties. Such models
provide a better insight by prediction of nonlinear noise power and spectrum, estimation of system
capacity considering the nonlinear noise and, also the non-linear impact can be eliminated by selecting
proper system parameters [26,29]. Investigation of the performance of DWDM systems incorporating
the effect of fiber nonlinearities uses primarily, numerical simulations, based on the solution of the
NLSE, as it allows visualizing the effect of each transmission impairment individually, while making
the computation of the collective effect of the simultaneous presence of various impairments also
feasible. The detailed XPM model built upon coupled NLSE has been discussed in Chapter 2 and we
use it here to analyze the effect of XPM as signal propagates over the optical fiber.

This chapter presents a simulative model to implement and analyze alternative polarized DQPSK
modulated UDWDM system in order to evaluate its resilience to XPM and fiber nonlinearity. To
consider the various detrimental effects, a semi-analytical model is adopted in which signal propagation

along the link is evaluated using simulation.
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Fig. 5.1: Generailized 4 channel UDWDM system

Firstly, a DQPSK modulated 4 channel 25 GHz spaced network as shown in Fig. 5.1 is designed and
gradually the number of channels is increased to 8, 16 and then 32. Next, the performance of this 32
channel 25 GHz spaced system is compared with that of an 50 GHz spaced link at different power
levels to provide a comparative analysis of the maximum distance achievable, on the basis of Q value
and eye opening for multiple transmission spans by varying the input power of a signal. The study
explores the effect of changing the number of channels, channel spacing and its influence on both the
received BER and XPM.



A multi-segmented, optically amplified UDWDM system model is assumed to arrive at the generalized
forms of fiber non linearity-induced distortions. We consider chromatic dispersion as a lumped
distortion at the end of each span which is compensated by dispersion compensation element, assuming
no PM-IM conversion is involved. Only XPM and loss are considered to be distributed over the length
of the fiber. The degree of XPM impairment is influenced by various parameters, such as nonlinear
fiber coefficient y, walk-off between the two adjacent channels, individual channel power and the
modulation format used [263]. Signal launch power is kept low enough to ensure that the system is not
susceptible to SPM induced nonlinearities. Deployment of appropriate DCFs in the fiber link curtails
the degradation due to GVD.

Phase modulated systems are very sensitive to fiber non-linearities as the imposed phase shift directly
affects the received signal. The major source of intensity fluctuations is the ASE noise from optical
amplifiers which results in nonlinear phase noise in long haul multi span systems. This model relies on
the fact that a certain number of bits pass through the adjacent DQPSK channel due to dispersion
making the XPM induced phase shift to be bit pattern dependent. A frequency difference of Av between
the channels corresponds to a typical At, time difference givenas LDA%Av/c ,where D is the dispersion
parameter, A is the optical wavelength, L the fiber length, and c is the speed of light. The number of
walk-of bits that pass from a particular point of the DQPSK signal over the entire fiber length is defined
as Nw, and equals to At.B with B being the bit rate. This accounts for determining the standard deviation
of the DQPSK phase shift at the receiver side. In a fully dispersion compensated system, both DCF and

SMF have the same Nw, but vary in the signal power level and the direction of passing.

The nonlinear phase shift Apypy is equal to 2yPAz. For simpler calculations, it is assumed that power
level in DCF is too small to allow any considerable nonlinear phase shift and the major distortions
occur in SMF. Moreover, it is assumed that the signal shape is not altered over the fiber length as major
nonlinear crosstalk occurs in the initial fiber segment where the power is comparatively higher [264,
265]. Considering ones and zeros to be equi-probable, a distribution of phase shifts corresponding to a
system with specific parameters is built and standard deviation of phase, oy, is calculated as it is shows
the degree to which the phase modulated signal disperses and thus is a parameter for quality assessment.
The total phase shift is found by integrating the differential phase shifts along the fiber length, as the
power term depends both on the position and bit stream. The maximum possible phase shift

corresponds to the case when all N bits are one and the minimum phase shift occurs when all Nw bits



are zero, and phase shifts get distributed between these two limits. Thus, a bit stream of bi (i=1, 2,3....,

Nw) will result in:

Nw ..(5.1)
ADxpy = Z b;AQ;
i=1

where A@; is the phase shift caused by ith bit given by:

2y —aL(i—1) ail. ..(5.2)
AQ; = - |exp <N—w> —exp (N—W)l G, P

The BER is calculated from the standard deviation of the phase using:

T > . (53)

1
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QPSK 2 f <4\/§O'NL

In a multiple span system, any sample point on the DQPSK signal coincides with the same set of bits,
and experiences similar nonlinear phase shift in each span. Hence, we multiply oy, by the number of
spans to consider the effective phase shift for the entire system [32]. For error free communication, the
threshold of optical communication system corresponds to a BER of less than or equal to 10 %,
translating to a Q-factor of greater than or equal to 6 or 15 dB. This is considered as a reference and

the performances for different cases are evaluated based on Q-factor using  Optisystem.10.0.
5.4.1. Transmitter Design

The proposed 32 channels link consists of a transmitter section, fiber module and an optical receiver
as shown in Fig. 5.2 with the central frequency of the first channel as 193.1 THz. The signal is launched
with alternate polarization into the respective channels. The 40 Gbps DQPSK signals with 50% duty
cycle are generated by conventional DQPSK transmitter called an 1-Q modulator which consists of a
PRBS generator, DPSK precoder, NRZ pulse generators and three MZM's concatenated together in
order to achieve phase stability as shown in Fig 4.8. The input power is varied and the signal is launched
over N spans of 60 Km each. The system has been configured for both 25 GHz and 50 GHz channel
spacing and a comparative assessment is presented in terms of BER and Q-factor. The emission
frequencies of CW lasers are equally spaced for both 25 and 50 GHz channel separation, and the optical

channels have alternate polarization. A 128-bit sequence with 32 samples per second modulates each



channel. MZM’s with the extinction ratio set to 30 dB are used. The modulated optical signal is then

fed to the 32 input ports of an optical multiplexer.
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Fig. 5.2: Schematic of simulation setups:
(a) pre-compensation scheme, (b) post-compensation scheme and (c) symmetrical-compensation
scheme

Crosstalk between the adjacent channels is avoided by tight optical filtering before multiplexing. As
XPM appears only in multi-wavelength systems thus, the key optical components in DWDM systems
are those performing the function of combining (multiplexing) different wavelength channels and
splitting (de-multiplexing) them. Combining different wavelengths is a relatively simple task and can
be achieved with a component such as star coupler or an arrayed waveguide grating (AWG). The
operational data-rate and the bandwidth of each channel have to be taken care off while choosing
optimal filters. De-multiplexing, however, requires optical filters with sharp wavelength cut-offs; it is
a much more challenging problem when practical systems are considered. It becomes a real challenge
in UDWDM systems with very low channel spacing. So it is important to determine how to choose
optimal transmitting filters. Very little has been reported on this subject [121, 222]. Several
observations regarding filtering are drawn upon using optical spectrum as a first guideline. However,

due to the fact that practical optical fiber systems are non-linear systems, makes it difficult to offer



clear statements about optimal filters. Nevertheless, simulations regarding electrical and optical filter
structures and parameters (eg. filter order, amplitude, and or phase response, filter bandwidth) were
carried out to gain some insight.

Butterworth and Bessel filters of various orders were examined. These filters represent a wide range of
properties. The Butterworth filter is known for its magnitude response that is maximally flat in the pass
band and monotonic overall; on the other hand, it presents a poor-time delay performance, giving rise
to effects such as overshoot and ringing, when driven by pulse signals. The Bessel filter is known for
its maximally flat group delay response; the price paid for almost constant delay is signal attenuation
and less steepness in the transition region between pass band and stop band. In short, Butterworth filters
present good frequency-domain performance preserving signal amplitude. On the other hand, Bessel
filters provide excellent time-domain performance that minimizes waveform distortion. For
Butterworth filter, the optimal filtering bandwidth depends on the filter roll-off. Filters with fast roll-
off tend to have wider bandwidths. Furthermore, low-order filters present better performance than high-
order filters. For Bessel filters, the optimal filtering bandwidth dependence on filter order is not as

much evident as in the case of Butterworth filters.

Overall, simulations have shown that Bessel filters have a slight better performance than Butterworth
filters as they allow signals to span longer distances due to their superior attenuation characteristics
and hence have been used as demux filters in our simulations. We optimized the type and order of both
the multiplexer and the de-multiplexer filter as filter characteristics play a significant role in link design
and evaluated the filter performance on the basis of receiver sensitivity in terms of the received Q value.
Optical filters for both multiplexer and de-multiplexer is modelled by using the transfer function
of ‘elevated cosine’ type with the center at the signal carrier frequency. Each channel is filtered
optically with a fourth order Bessel filter with a bandwidth of 25 GHz for 25 GHz channel separation
and a bandwidth of 50 GHz for the other case.

The combined optical signal is then fed into the SMF. CD is compensated by using a single-periodic
amplification scheme at the span input (pre-compensation) as Fig. 5.2(a), at the span output (post-
compensation) as in Fig. 5.2(b) and along the span (inline-compensation) as in Fig. 5.2(c) by sections
of DCF. It was observed that post compensation scheme provides an optimum performance for DQPSK
formats in agreement with the results in the literature [234] and hence this scheme has been used in the

present analysis. In each section, EDFA having a noise figure of 4 dB is used to compensate the power



loss of the link ignoring the corruption due to ASE noise. The fiber model in OptiSytem takes into
account the unidirectional signal flow, stimulated and spontaneous Raman scattering, Kerr-nonlinearity
and dispersion. An SMF with o of 0.22 dB/km, D of 17 ps/km-nm and dispersion slope (S) of 0.08
ps/nm?/km at 1550 nm, nonlinear refractive index (nz) of 2.6x1072° m?/W, and Aesr as 80 pm? has been
considered. The DCF segment used in each span has o of 0.5 dB/km, D of -85 ps/lkm-nm, S is -0.45
ps/nm?/km at 1550 nm, n, = 2.6x 107 m%/W and Aefr= 30 um?.

5.4.2. Receiver Design

There are two different approaches to demodulate the DQPSK signal, the first one is to receive the
DQPSK format with differential direct detection receivers which requires efficient dispersion
compensation and tight filtering as used in this thesis. The second approach uses coherent receivers
combined with EDC exploiting DSP capabilities for practical implementation [233]. As the phase
information is preserved in the coherent systems, coherent systems offer more options such as PM-
QPSK (polarization-multiplexed quadrature phase-shift keying), PS-QPSK (polarization-switched
quadrature phase-shift keying), PM-16 QAM (Polarization-Multiplexed Quadrature Amplitude
Modulation) and DP-QPSK (Dual-Polarization quadrature phase shift keying) [266]. But moving to
these higher order modulation techniques needs a compromise on the optical reach as the amount of
optical power is less for each bit in modulation symbol. Also coherent optical systems require much
more complex electro-optics than direct-detection schemes which simply translates into increased cost.
Moreover, such systems require complex DSP based algorithms leading to computation complexity as
well. Most of the work using coherent reception has been reported for single wavelength 40 Gbps and
100 Gbhps deployments [250]. Single channel setups are easier to simulate but coherent QPSK-
UDWDM systems are still unexplored to a great extent. Though coherent UDWDM offers high
sensitivity and better co-existence with current PON deployments, the potential high cost and device

complexity has limited its attractiveness to operators [243, 267].

The main aim of the present analysis is to explore the integration of DQPSK modulation in UDWDM
network. In this work, we have attempted to achieve long haul transmission with 32 DQPSK
transmitters without using complex setup of polarization controllers, polarization splitters, electronic
signal processing and strict phase matching requirements and got appreciable results using a much
simpler setup. The DQPSK signals are decoded optically using a simple optical delay and add

interferometer structure as shown in Fig. 4.9. This design is basically based on direct detection



technique, avoiding the complex design of a DSP based coherent receiver. The MZI performs the
correlation of each received bit with that of its neighbor and performs the corresponding phase-to-
intensity conversion. Though the present design compromises a little bit with the phase coherency

requirement, but offers an acceptable insight of the performance of the proposed lightwave system.

In the receiver side the signal is first filtered by a 3" Order Bessel optical bandpass filter with a 3-dB
bandwidth of 23 GHz for 25 GHz channel separation case and a 2" order Bessel optical bandpass filter
with a 3-dB bandwidth of 50 GHz for 50 GHz channel separation case, at the receiver side. This
removes the ASE noise power outside the signal bandwidth. Two asymmetrical MZI and two balanced
photodiodes detect this filtered optical signal, which now is filtered electrically by a fifth-order Bessel
filter with a 3-dB bandwidth of 40 GHz. The impact of FWM is weak compared to the SPM and XPM
due to the chromatic dispersion of the SMF [34] and is thus neglected. Thereafter, a 3R regenerator
connected to the BER analyzer is used which generates graphs and results such as eye diagrams, BER,

Q value, etc.
5.5. Simulation Results

First a four channel DQPSK modulated 25 GHz spaced system is designed and its performance is
evaluated at 0 dBm power level. We choose the DCF and SMF parameters to compensate the first-
order dispersion exactly (D = 0) i.e. DsmrLsmr = DocrLocr. Then the number of channels was gradually
increased to 8, 16 and then to 32. Table 5.1 presents a comparative assessment of Q factor observed vs.
maximum distance traversed by the optical signal for different channel spacing configurations. The
dependency presented in the table indicates an increase in the level of crosstalk with transmission by
using a greater number of adjacent channels. Though the starting Q value is nearly in the same range
of all four cases, but the transmission distance is around 1800 Km for 4 channels as compared to 900

Km for a 32 channel case, clearly indicating the increase in XPM induced crosstalk.

Table 5.1: Q- factor for different number of channels

No. Of Spans | Q Factor Q Factor Q Factor Q Factor
(4 channel) | (8 channel) | (16 channel) | (32 channel)

1 13.56 13.43 13.67 12.64
5 12.4 12.38 11.67 10.44
10 9.85 10.16 10.97 9.26
15 8.32 8.2 8.64 7.27
20 6.47 5.19 6.04 5.56

25 6.2 5.34 5.85 NA




30 6.51 NA NA NA
35 5.21 NA NA NA
Note: NA (Not acceptable as below 6 which is the reference value)

Next the proposed 32 channels UDWDM system is simulated for the ideal situation i.e. in the absence
of non linearities by setting the non-linear coefficient, y to zero at a fixed power level of 0 dBm. The
performance gain is obvious and clearly visible in Fig. 5.3 where it is compared with a system that
considers non-linearities. Since the main aim of the paper is to study the effect of nonlinear impairments

in a UDWDM system, we included the nonlinear limitation in all further studies.
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Fig. 5.3. System performance comparison in the absence and presence of non-linearities.

The 32 channel system has been further analyzed for various input power levels. Fig. 5.4(a) -
(c) outline the performance of both 50 GHz and 25 GHz spaced DQPSK system graphically in terms
of the Q value as a function of transmission distance. It was observed that eye-opening penalty
increases for very strong transmitted power, highlighting the SPM induced phase modulation to
intensity modulation conversion through fiber dispersion. By increasing the power, SPM grows and
depletes the signals. Thus, power increases up to the point where non-linearity dominates over
chromatic dispersion impling that signal degradation starts to occur. On the other hand, for low input
powers an improvement is observed in the system performance. So for a high data rate WDM system,
it is desirable that the input power should be as low as possible to limit non-linear effects hence we

vary the input power between - 5 dBm to 5 dBm. Fig. 5.4 (a) reveals that for very low power levels of



-5 dBm, the 25 GHz DQPSK modulated system manages to run for 10 spans i.e. a distance of 600 km,
while the 50 GHz system attains a transmission distance 900 km. The initial Q value after the first span
is 20 dB for 50 GHz case, while it is 18 dB for 25 GHz. The curves overlap between 500 to 700 Km

indicating similar performance in both the cases.
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Fig. 5.4(a)

As the power increases to -1 dB, the safe operating distance increases in both cases, being close to 1200
km for 50 GHz case and around 1000 km for the latter. Another point to be noted is that tough the Q
value for 25 GHz separation remains below the former, but the initial Q values also increase close to
24 dB as compared to 18 dB for -5 dBm power level. CD produces a variation of the instantaneous
frequency in a modulated optical signal [25]. This variation of the instantaneous frequency results in
pulse broadening which generates ISI. Obviously, after propagating some distance in the fiber, a point
is reached where the accumulating pulse spread is too great for the receiver to recover the signal pulses

within the equipment BER specifications.

Performance at 0 dBm power follows closely the case of -1 dBm as highlighted in Fig. 5.4 (b) for both
cases. We achieve a safe operating distance of 1500 Km for 50 GHz case and upto 1200 km for 25
GHz spacing, before the Q-value degrades below 15 dB threshold. So, we can infer that the DQPSK
modulation format is more suitable for higher values of power as it offers generous system margin due

to its high spectral efficiency and relatively good tolerance to fiber degradations making it desirable



for long haul transmission. The tolerance of a modulation format to CD with and without filtering is
fixed by the spectrum and the waveform launched to the fiber. In a simulation scenario without optical
filters these factors are exclusive of the specific modulation employed in the lightpath. In contrast, in
the scenario with filtering the waveform and the spectrum are determined by the set “modulation &
filters”. The narrower the signal spectrum, the higher the tolerance to the CDacum. Filtering process
reduces the bandwidth of the signals, so the difference between the group delays of the different spectral

components will be smaller.
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Fig. 5.4. Q value as a function of transmission distance for (a) Pin = -5 dBm (b) Pin = 0 dBm (c) Pin =
5dBm

At 1 dBm launch power initially the Q value increases up to 26 dB and it performs well for distances
over 1200 Km, but the curves do not follow each other closely. For the 5 dBm launch power case as in
Fig. 5.4 (c), 50 GHz system outperforms the 25 GHz one from the first span with as starting Q value
close to 30 dB as compared to 26 dB for 25 GHz case and maintains its superiority up to 1100 Km,
while the 25 GHz system falls below the threshold at 1000 Km only. In both the cases, a maximum

transmission distance of 1000 Km is is attained.

A significant decrease in observed in XPM effect when the input signal with a finite small rise and fall
time is considered. Thus, signal shape is an important parameter regarding the XPM impact. A possible
explanation is that assuming finite rise and fall times is equivalent to a strong attenuation of the
secondary lobes of the signal spectrum. Thus, pulses with steep leading and trailing edges broaden
more rapidly with fiber propagation. When raised cosine signals with different roll-off factors are used,
the pulse widths as well as steepness of their edges are also changed. Therefore, the length of fiber
where interference takes place is smaller for pulse shapes with relatively broad leading and trailing
edges, according to the definition of the walk-off length. As a result, XPM induced interferences

reduces, consistent to results reported in literature.



Regarding cross-phase modulation effects, it was observed that it scales almost inversely proportional
with channel spacings. It was also seen that the magnitude of the XPM induced interference is smaller
for pulse shapes with relatively broad leading and trailing edges; for raised cosine shaped input signals,
roll-off factors greater than 0.5 should be considered. Also, the average input power should be kept
under 8-10 dBm, otherwise the combined effect of XPM and SPM induce strong penalties. In all
simulations, the superposition takes place in a very short time. When the channel spacing is narrower
XPM-induced interference is much more severe; also, the impact of pulse shapes is not so important

as compared to spacing’s greater or equal to 0.5 nm

XPM induced coupling among light waves is indeed polarizaton dependent. When the pump and probe
waves have orthogonal polarizations the impact of XPM inducednon-Inear phase shifts is lower than
the case of parallel polarization. It was also verified that XPM interfence was mostly generated near
the beginning of fiber. Since the dispersion parameter of the simulated fiber is kept constant, the
intensity fluctuations measured at the end of fiber are essentially determined by the phase shift induced

in the beginning of fiber. These simulated results are in agreement with theoritical results [144-145].

The numerical results show that DQPSK could achieve after optimizing the simulation parameters a
maximum reach of 1500 km for at least 10° BER, in the optical path in a 40 Gbps transmission system
with 25 GHz channel spacing. Larger channel spacing significantly decreases the inter-channel
interference. In case of DQPSK, a channel spacing of 50 GHz could achieve up to 40 % reach
improvement. RZ-DQPSK improves the system performance at the cost of the transmitter's complexity.
The performance of 50 GHz system no doubt is better as compared to 25 GHz case, but even for the
latter the Q value maintains above the FEC threshold for upto 1000 km which is an interesting
observation. In work [266] experimental and numerical investigations of the transmission reach of PS-
QPSK and PM-QPSK are reported for three different fiber span lengths i.e. 83, 111 and 136 km which
is lesser as compared to the present investigation and moreover it operates with only 9 channels on a
50 GHz grid. In work [268] the performance of 42.8-Gb/s and 112-Gb/s intradyne coherent PM-QPSK
system is studied with inline DCF to acheive a distance reach of 1000-km which is comparable to our
results but with a higher cost and complex design. This reinstates that using DQPSK over UDWDM
offers three key functionalities: (i) better wavelength selectivity removes the requirement of expensive
ultra-dense filter technology; (ii) high receiver sensitivity enables a system with better splitting ratios
and longer reach; (iii) usage of digital signal processing relaxes the implementation of equalization of

transmission impairments as well as FEC.



5.6. Conclusion

The work successfully demonstrates the transmission of 32 DQPSK modulated channels up to 1500
km in the presence of various simulated fiber nonlinearities. The OptiSystem trans-receiver model is
developed to estimate the comparative transmission performance parameters of the proposed UWDM
systems operating at 25 GHz and 50 GHz channel spacing at various input power levels. The simulation
study of the results shows that DQPSK modulation is better in terms of crosstalk mitigation during the
transmission of signals. It also outperforms at higher launch powers due to its better spectral efficiency,

enabling it to tolerate the dispersion induced degradations.

The observations of the present analysis are useful for an experimentalist to visualize the various
complexities involved in such high speed links. However, the scope still remains open to choose the
preferable fiber to transmit DQPSK modulated signals with varying duty cycle. As very few UDWDM
system experiments have been conducted till now, so the fundamental limiting factors and their
remedies in such systems are not clearly defined, especially when transmitting at a data rate higher than
40 Gb/s. Thus, it is inferred that at these data rates severe chromatic dispersion and polarization-mode
dispersion limitations need to be addressed before dealing with optical non linearity-induced penalties.
QPSK has a better PMD tolerance compared to BPSK. But it is still sensitive to the polarization
limitation. One way to overcome this problem is to use coherent detection for each of the subcarriers.
This method requires four very stable receiver lasers as the local oscillators, which is obviously a very
expensive solution. Such an integration of coherent technology based on PM-QPSK, PS-QPSK, PM-16
QAM and DP-QPSK with UDWDM can be explored as a part of future work as usage of DSP relaxes

the equalization of transmission impairments as well as implementation of forward error correction.



Chapter 6

Conclusions and Future Scope

This thesis reports the theoretical study and analysis of the optical channel characteristics to model,
design and simulate the optimum conditions for a long haul optical communication link to achieve an
optimized propagation length. The analytical model and numerical simulation analysis of such fiber
transmission channel allows the designer to choose the design plan and select a suitable solution under
the given operating constraints for various modulation formats. The main focus of the thesis is to deal
with the analysis of linear and non-linear phase impairments arising during pulse propagation through
the fiber medium and their influence in the design of long-haul fiber optic communication systems. This
chapter summarizes the findings and contributions of the present investigation and also points out some

of the possible extensions of the proposed research as a future work.

The growing bandwidth demand has resulted in a tremendous interest in increasing the transport
capacity and transmission distance of DWDM system with simultaneous reduction in cost per
transported information bit. Obviously, with the progress of optical communication systems, and the
constraints brought by DWDM transmission, new ways of encoding the binary data over the optical
carrier have been proposed. In this thesis we examined the challenges of such modulation schemes at
various stages of implementation. In general, the choice of optimum optical modulation format depends
on many factors such as fiber types, channel data rate, wavelength spacing and so on. Optimal
modulation formats permit service providers to innovate their existing light wave network without

overall upgrade and utilize most of the existing systems; thus saving the expenses.
6.1. Contributions of the Thesis

The general objective of the thesis is to study and analyze different spectrally efficient modulation
formats in a simulation environment for an optimized optical transmission link. In this research, both
intensity and phase modulated systems have been covered to analyze the transmission characteristics
of high speed WDM systems. When choosing a modulation scheme, the trend is to consider on the
basis of spectral efficiency and power efficiency in attain high data rate at a low cost, while maintaining
the ease of implementation. The most important technical issue is to increase the spectral efficiency of

a particular modulation scheme while maintaining OSNR tolerance. The sustained increasing demands



of capacity have pushed higher channel bit rates, high optical powers per channel and narrower spacing
between channels to allow increased channel count. These factors exacerbate non-linear cross talk
between channels due to the non-linear properties of the optical fiber. Thus the impact of fiber non-
linearities due to Kerr non-linearity (SPM, XPM and FWM) are assessed by means of numerical
simulations and modeling for the various modulation formats under investigation. Thus, characteristics
of several modulation formats and their tolerance to linear and nonlinear impairments is simulated to

infer valuable results and conclusions suitable for the high-speed light wave systems.

The premise for exploring these signals was that as they achieve spectral compression and carrier
compression, enhanced immunity to non-linearities and chromatic dispersion should be achieved. All
signaling methods are investigated through theoretical considerations and computer simulations. The
initial focus was to design a single channel optical link with different modulation schemes under
consideration. Further, we gradually increased the number of channels, bit rates and system complexity
using different type of optical fibers, components and amplifiers to evaluate the performance of the
system. A detailed analysis has been attempted to investigate the optical linear and nonlinear effects
for optimal system performance. The system performance was monitored by means of eye-diagram,

BER and Q estimation using the Optisystem 10.0 platform and Simulink.

Chapter 1 summarizes briefly the development of lightwave communication systems and the
importance of optical modulation formats in optical channel performance characterization and
performance enhancement. The chapter also describes the motivation for the current work and set the

objective of the thesis.

Chapter 2 discusses the basics of optical fiber communication systems and focuses on the important
factors that limit the performance of high speed DWDM systems. The theory behind the operation of
the various components used in optical communication system and their corresponding mathematical
modeling has also been discussed. This chapter presents a brief overview of the need of simulation,
and a description of the models used for different system components including laser, external
modulator, fiber and optical detector. The mathematical models for fiber non-linearities corresponding
to SPM, XPM and FWM are also discussed. The described mathematical model is used in Chapter 4,
to develop and analyze a Simulink model of a fiber optic link based on DQPSK format. The chapter
also emphasizes a generic model used in system simulations for the performance assessment under

various linear and non-linear impairments induced in optical fiber in high speed data transmission.



Chapter 3 presents the waveform generation and detection schemes and emphasizes on the major
characteristics of intensity modulation formats applicable to optical transmission. The theoretical
foundations regarding RZ, CSRZ, Duobinary and modified Duobinary were presented with their
equivalent models. Computer simulations were then used to characterize the designed optical system
to evaluate the system performance of different modulation formats for 32 channels each operating at
40 Gbps in a DWDM system having 50 GHz channel spacing. The dispersion tolerance in case of
CSRZ modulation is improved due its reduced spectral width compared to RZ modulation. Moreover,
as carrier suppression reduces the efficiency of FWM in DWDM systems, hence CSRZ offers a better
tolerance to fiber nonlinearity and robustness against transmission impairments. The other intensity
modulation formats considered are DRZ and MDRZ which ameliorate the effects of fiber dispersion,
as well as reduce adjacent channel crosstalk. Duobinary systems also enjoy a cost advantage over other
advanced modulation formats, such as RZ and DPSK, since it requires less dispersion compensation
with transmitters and receivers that are comparable in cost to those used in NRZ systems. Waveform
distortion due to fiber chromatic dispersion in high-speed optical transmission systems is a serious
problem and MDRZ modulation is an effective way to avoid such distortion resulting in an increased
dispersion tolerance compared to binary NRZ modulation format. MDRZ format has a much narrower
optical bandwidth over the DRZ and therefore provides a better dispersion tolerance and higher fiber

non linearity tolerance.

Chapter 4 explores many aspects for the applicability of phase modulation to optical communications
by offering solutions to overcome its higher cost and complexity to enjoy benefits of phase modulation
in terms of non-linear resilience and noise sensitivity. The discussed DPSK and DQPSK modulated
systems have inherent 3-dB better receiver sensitivity with the use of balanced receiver, which make
them very attractive choice in this research context. The transmitters and receiver architectures for
DPSK and DQPSK are presented, and 32 channel DWDM system is designed and analyzed by
numerical simulations at 40 Gbps. The simulation study establishes that DPSK has a better resilience to
XPM and FWM, as compared with intensity modulation formats due to its nearly constant power
envelope. It is also observed that DPSK suffers less crosstalk compared to OOK format due to the fact
that in the former case only differential phase of the signal is affected. Further it was found that with the
decrease in duty cycle of the pulse, crosstalk suffered by the signal decreases because in RZ-pulse, the
‘1’ bit occupy only a fraction of the time slot. Nevertheless, as a binary signal, 40 Gbps DPSK has a

large bandwidth which makes its tolerance to the aggressive filtering effect resulting from the cascaded



of several 50 GHz filters a real issue. The advantage of DPSK is obtained at the expense of increased

complexity and cost in the transmitter and receiver structure and is useful in submarine appl.

In the second part of Chapter 4, DQPSK format is investigated which transmits two bits per symbol
which results in reduced spectral occupancy and bandwidth requirements for the transmitter and
receiver components. Another advantage of DQPSK is the extended chromatic dispersion and PMD
tolerances. The high spectral efficiency of DQPSK can be even doubled by using polarization
multiplexing. In this research work, analytical expressions have been derived for nonlinearity induced
crosstalk for DQPSK format. Initially, a Matlab Simulink model is designed for a single channel
DQPSK link i.e. transmitter, fiber and receiver modules using Simulink block set by modeling of the
generation, propagation and reception of the transmitted signal. The model was time consuming and it
becomes difficult to extend the computation for a 2 channel case due to mathematical complexity. Due
to the availibity of commercial optical system simulator with sophesticated simulation algorithms and
easy-to-use graphical user interfaces, it seems reasonable to use Optisystem to simulate and comapare
the performance of DPSK and DQPSK. Thus to get an intuitive understanding of such a complex
DWDM scenario having numerous signal interactions and their interplay a 32 channel DQPSK link
operating at 40 Gbps was developed. The performance of this system has been evaluated and the same
is compared with the corresponding DPSK for varying input powers. In the deployment of high
spectral-efficient WDM transmission systems, narrow optical filtering effects on such modulation
formats are of key importance because these signals pass through various narrow optical filters at
different stages. In this regard, design of MZDI in DQPSK decoder becomes very significant since
choice of optimal FSR helps us to relieve some degradation due to strong optical filtering. This

approach enables us to realize high bit rate spectrally efficient DWDM DQPSK transmission systems.

In order to achieve even higher capacities, either the channel bit rates are increased, or the channel
spacing is reduced. Obviously both the strategies face limitations in the presence of pulse distortions
and need a suitable strategy to mitigate those. Considering the spectral advantages of DPQSK
especially at narrow channel spacing we have attempted this format in Chapter 5 to design a UDWDM
system. The proposed system has 32 channels spaced at 25 GHz and operates under varying input
power levels. The channels were launched with orthogonal polarization to study the BER performance
for an optimum distance. A systematic study regarding the impact of filters was carried out. For
Butterworth filters, the best filtering is obtained for low—order, slow roll-off filters; for Bessel filters

best performance is achieved for high order filters. In practical implementations trade-offs between



filter complexity, cost and performance must be weighted according to system specifications.
Simulation results were presented based on the impact of chromatic dispersion on system performance.
The bandwidth saving of DQPSK over both OOK and DPSK suggests that DQPSK can improve
efficiency of DWDM systems.

For DRZ format at an input power of -5 dBm the maximum distance achieved is 3500 Km and at -10
dBm upto 9000 Km is reported. For MDRZ format, at 5 dBm input power the maximum distance
achieved is 2100 Km. For DQPSK format at 1 dBm input power the maximum distance achieved is
1500 Km. For UDWDM case, even at 5 dBm input power the maximum distance achieved is 1100 Km.
So among the investigated modulation schemes, optical duobinary format turns out to be one of the
leading choices, since it has high tolerance to CD, better non-linear tolerance and can go through
narrowband optical filtering to place channels more closely to improve spectral efficiency.
Furthermore, it is easy to implement and the overall system setup is simpler compared to other
competing formats. The DPSK and DQPSK formats require modifications at the transmitter and
receiver to increase the system cost and complexity but are strong candidates for high data-rate
spectrally efficient DWDM systems due to inherent 3-dB better receiver sensitivity by using balanced
detection. DPSK is much more tolerant to nonlinear optical impairments compared to DQPSK, since
its constellation points are further apart in terms of phase. Consequently, the choice between using
DPSK or DQPSK in a specific system depends on a trade-off between SE and the tolerance to nonlinear

impairments (which translates into reach).

This learning helps the designer to study superior techniques and explore their suitability. However,
there exists a reasonable compromise between efficiency and reliability. High level modulation
techniques (M-PSK) are always preferred for high data rate. But as the error rate increments with
increasing M; it results in signal distortions at the expense of high data rate; thus lower level should be
preferred in that case for long distance communication and vice versa. QPSK shows best BER
performance with double data rate but optical power requirement is high too. The other available
methods i.e. Volterra method, Regular Perturbation method and Digital Backward Propagation
represent only the waveform affected by nonlinearity and dispersion and cannot be used for general
performance evaluation. The simulations in this work, however, give a good understanding of different
nonlinear effects and their influence over different parameters of DWDM system for performance

evaluation.



From the theoretical and simulation studies, a few important conclusions were achieved. A unified and
integrated approach to analyze the potential of intensity and phase modulated formats was developed.
The theoretical foundations and simulation framework was presented in this thesis. A mathematical
model for optical link was developed and studied analytically using Matlab Simulink. The impact of
chromatic dispersion on system performance is evaluated for different modulation schemes and
analysis of crosstalk performance for different parameters like input signal power, wavelength
separation and bit rate of the system is presented. Guidelines were established on how to choose optical
transmitting filters. The study and the analysis carried in the present thesis suggests suitable system
bounds for a typical DWDM system to work under practical operating conditions and helps to develop
theoretical understanding of such systems. The present study attempts to simulate and analyze long
haul transmission link with various modulation formats to evaluate the performance of each format
under various transmission impairments. These results will play a good role in fast—evolving areas of

advanced communication system and design of efficient DWDM system.
6.2. Scope for future prospects

A tremendous growth in the required hardware with the increase of the modulation order is considered
as one of the major drawbacks for direct-detection receivers, since increasing the number of
components means a dramatic increase in the cost and the footprint of the receiver. A second problem
of direct detection receivers for high data-rate signals lies in their incapability of compensating linear
transmission impairments due to reduction in the symbol duration, which leads to a significant
vulnerability to linear transmission impairments such as CD, PMD or the phase ripples. The last
problem is their inability to efficiently detect polarization multiplexed signals and the need for an
automatic polarization controller at the receiver side to track the changes in the polarization state.
Recently, the combination of coherent detection with DSP has been proposed to overcome all of the
above mentioned imperfections of direct detection [267, 268]. This interest in optical coherent receivers
has been triggered by the recent advances in DSP speeds [269] and the high sampling rates of state of
the art analog-to-digital converters (ADC) [270, 271]. Due to their ability to translate the information
in the amplitude, phase and polarization state of the detected signal to the electrical domain, digital
coherent receivers prove to be able to solve most of the problems of direct detection such as
polarizations de-multiplexing, besides CD and DGD compensation. Furthermore, unlike direct-
detection receivers, a coherent receiver has a generic structure that can be used to detect any modulation

format. So the investigation of coherent receivers will be taken up as future study.



These modulation formats discussed in this research work can be used with other recent technologies
like EDC, forward error correction and receiver designs utilizing adaptive electronic post-processing
and equalization to realize high spectral-efficient and cost effective DWDM transmission networks. At
10 Gbps data rates, electronic signal processing is already being used ranging from simple feed-forward
equalizer (FFE) schemes to Maximum Likelihood Sequence Estimation (MLSE) and at the
transmitters, while controlled signal pre-distortion is becoming available at 10 Gbps [272-276]. In
future, further experimental and numerical analysis can be performed for investigating end-to-end over-
all system performance for advanced modulation formats in the conjunction with some of the above
mentioned technologies. Similarly, we can investigate multi-level signals beyond two bits per symbol
and other promising schemes like OFDM. The research outcomes obtained in this thesis mainly result
from the computer-aided simulation. Therefore, in future, to better verify the results, more efforts will

be made in the experimental investigation.

The most critical factor driving the architecture of long-haul DWDM networks is the cost per bit
transmitted per kilometer traversed or cost/bit/km. While each successive generation of DWDM
technology has increased bandwidth, transmitting successively higher rates over long distances while
decreasing cost has often proved challenging. Now that 100G services crisscross the globe, these
capacities must grow beyond their current levels, driven by DWDM wavelengths that deliver higher

rates, lower costs, and exceptional optical performance.
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