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ABSTRACT

In recent years, research in the field of lightwave communication has emerged to a
completely next level. The optical communication has evolved as a viable solution to a high
speed transmission systems owing to its higher bandwidth encompassing higher data rates.
Use of advanced modulation formats which can support higher data rates with easier
transmitter and receiver designs is one of the attractive solution to design the spectrally
efficient high speed optical transmission links. This strategy also motivates the researchers

and design engineers to further explore the capabilities of different modulation formats.

In the recent past optical communication networks have been specifically engineered
and optimized to support various communication standards exploiting the capabilities of
fiber, integrated waveguides and related optical hardware, and signal conditioning circuits.
The present thesis attempts to study, model, simulate and analyze the optical channel
performance under various transmission conditions encountered in a practical high speed

design.

To improve the overall performance of the optical transmission links operating at
1550nm wavelength, this thesis focuses on mainly four approaches 1) channel capacity
enhancement by reducing the fiber impairments through spectral management techniques,
2) improving the spectral efficiency by adopting robust pulse shaping and multilevel
modulation techniques, 3) increasing the transmission capabilities with the use of
multichannel WDM systems and 4) implementation of dispersion managed maps to
maintain the nearly Gaussian shape of the propagating pulse for the long haul optical
transmission links. Each of these methods has been implemented by addressing design
challenges with an appropriate tradeoff. To start with the first approach, analysis of linear
and nonlinear impairments in 40Gbps RZ-modulated Gaussian pulse propagation has been
done. For this analysis, Gaussian pulses of different duty cycles are considered and the
spectrum of these pulses is altered with the help of initial chirp. From the obtained results, it
has been observed that the higher duty cycle pulses with negative chirp conditions show
more tolerance towards the self phase modulation (SPM) and amplified spontaneous
emission (ASE) induced impairments. Although, RZ modulation format requires simple
transmitter and receiver designs but lacks in spectral efficiency. Therefore, to improve the

spectral efficiency, duobinary technique which shows more resilient towards dispersion has



been considered for the optical link design. Optical transmission link at 40Gbps is designed
for RZ-duobinary (DB-RZ) and NRZ-duobinary (DB-NRZ) pulse shapes. Optical signal to
noise ratio (OSNR) influences the transmission characteristics at higher data rate in the
presence of fiber impairments. The proposed link is optimized for electrical and optical
parameters at fixed OSNR value and subjected to dispersion and self phase modulation
induced impairments. The analysis shows the superiority of DB-NRZ pulses over the DB-
RZ case at the higher OSNR values.

Multilevel modulation formats are emerging as a popular approach to increase the
information carrying capacity of the optical transmission links. Therefore, differential
quadrature phase shift keying (DQPSK) is utilized to further increase the spectral efficiency
of the optical links. For the same, RZ-DQPSK modulated transmission link has been
designed and analyzed. In this link, for the comparative analysis of different single mode
fibers, three commercially available fiber types namely Standard Single Mode Fiber
(SSMF), True Wave-Reduced Slope Fiber (TW-RS) and the Large Effective Area Fiber
(LEAF) has been considered. Performance analysis of the link has been carried out for the
varied duty cycles of the input pulse in ASE noise limited channel conditions. The analysis
reveals the critical duty cycle for a superior performance. The performance analysis also
validates the expected good performance of a LEAF out of the three attempted fiber types
for long haul optical communication applications but definitely this comes at the higher cost
of installation. Findings of the simulations also shows that the performance of SSMF fiber
is also satisfactory and appears to be an economical solution compared to the LEAF when

used for the short and metro links.

To fulfill the demand of future 100Gbps systems, data carrying capacity of the optical
channel need to be further increased. One of the techniques to achieve this is by transmitting
the data in both the polarization state of transmitting carrier. This thesis is focusing on
exploring the spectrally efficient and cost effective schemes, therefore, to design the optical
multichannel transmission system, with capacity of 112Gbps per channel here, dual
polarization differential quadrature phase shift keying (DP-DQPSK) modulation format
with direct detection is considered. The DP-DQPSK transmission model is designed for
symbol aligned and symbol interleaved data formats and analyzed for various intrachannel
and interchannel fiber impairments. The analysis reveals that DP-DQPSK modulated pulses
in symbol interleaved formats shows better tolerance towards various fiber impairments,

thus their transmission distance is higher than their symbol aligned counterparts



In long haul WDM systems, periodic dispersion management is required to maintain
the shape of the transmitting optical pulse, thus, implementation of dispersion maps along
the length of the transmission channel is a widely used and a popular scheme. In this thesis,
numerical analysis has been performed to find the suitable dispersion map profile for the
dispersion managed pulse propagation. Stability analysis for the pulse propagating in these
maps has been done with residual dispersion and initial chirp. From the analysis, it was
observed that dispersion maps having a certain amount of residual dispersion and negative
chirp support the dispersion managed pulse for the longer fiber length. It is also observed
that undercompensated dispersion managed profiles shows improved spectral efficiency in

the analysis of collision dynamics of initially chirped dispersion managed pulses.
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CHAPTER 1

Introduction

1.1 Background

Use of light for the information transmission is nothing new as light or flash have been
used to communicate Morse code from the ages [1]. However, if we just concentrate on the
lightwave communication then the same can be traced back to the middle of the 20™
century, with multiple independent researchers working on the ways to harness the wide
bandwidth capacity of the lightwave in the data transmission [2]. In 1956, Abraham van
Heel, Harolad H. Hopkins, and N.S. Kapany separately announces the optical imaging
bundles mainly for medical image transfer and published in Nature [3] but by that time it
had not been used for communication purpose. Theodore Maiman of the Hughes aircraft
industry then developed the first ruby laser in the year 1960 [4], in a move that spread the
serious research and speculation among network engineers about the possibility of
communication over the optical medium. Consequently in the year 1965, Charles Kao and
Charles Hockham suggested that the fibers available that time cannot be used for optical
communication due to their extremely high losses i.e. approximately 1000 dB/km [5].
However, these fibers would emerge as a transmission solution if the attenuation is

appreciably reduced.

It was in the 1970s, that Maurer, Keck, and Schultz of the Corning Glass Corporation
developed a glass fiber that succeeded in producing an attenuation of less than 20dB/Km
[6].This then ensures that optical fiber communication stayed relevant. Also, further
research being focused on the various aspects, including optoelectronics devices, materials
for fiber construction, refractive index profiles, etc. Side by side communication engineers
was observing the explosion of internet traffic in the 1980s which even surpasses the
volume of voice traffic [7-9]. The large bandwidth of the optical fibers encourages the
adoption of wavelength division multiplexing (WDM) based transmission models which
was first proposed by Delange in the 1970s [10]. Although research in WDM area is carried
out since the 1980s, but WDM systems are more actively developed during 1990s when

there was a huge demand for cost-effective solutions to provide large data capacity [11-14].



Developments in fiber optic communication can be divided into various generations
based on their operating wavelength and data transmission capacity. Starting with the first
generation in 1975 operated at a wavelength of 0.8pum based on GaAs semiconductor lasers,
and was able to provide around 45Mbps data rate with a repeater spacing of 10km. To
further increase the data rate in the year 1980°s second generation comes into picture which
operates at a wavelength of 1.3 um and uses InGaAsP semiconductor laser as a source.
Second generation systems were capable of providing a data rate of around 1.7Gbps with
the repeater spacing of 50km. Repeater spacing is mainly decided by the losses provided by
the fibers, and further reduction in the losses up to ~0.2dB/km increases the repeater
spacing ~100km leading to the third generation of lightwave systems, which comes into
existence in the 1990s [15-18].

The third generation of lightwave systems operates at the wavelength of 1.55 pm was
actually developed by Nippon Telegraph and Telephony (NTT) and were able to provide
2.5Gbps data rate when operating with silica-based single mode fibers. Research in the area
of optical communication is going from last thirty years. One has observed the various
technological advancements and the same was also evident from the fourth generation of
lightwave systems which uses optical amplifiers in place of repeaters after the development
of erbium-doped fiber amplifier (EDFA) in the 1980s [19]. This generation makes use of the
large bandwidth of optical fibers and encourages the adoption of wavelength division
multiplexing (WDM) based transmission models. Transmission of up to 11,300km at 5Gbps
has been demonstrated using submarine cables [20]. Same was the period of development of
coherent optical communication, which had lagged behind in that time, but now once again
attracting researchers due to its higher receiver sensitivity and various other features
[21,22].

Presently fifth generation of optical communication utilizes dense wavelength division
multiplexing (DWDM) schemes to meet the ever growing demand of data and supporting
various types of optical networking capabilities [23]. These developments in the area of

optical transmission parameters for different generations are shown in Figure 1.1
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Figure 1.1: Generations of fiber transmission capacity [24]

From these discussions, it is observed that optical communication field is quite an
established field but at the same time has a huge potential to explore the new capabilities. In
the present generation of optical transmission systems, 10Gbps and 40Gbps is quite
attractive in WDM or DWDM configuration with channel spacing of 200 GHz to 50GHz or
even smaller [25]. The main problem with the sucessful implementation of these high-
speed links lies in the management of various linear and nonlinear effects to achieve the
required bitrate distance (BL) product. Some of the techniques used to improve the
transmission capacity of the lightwave systems include the use of advanced modulation
formats, various dispersion management schemes, use of more robust pulse shapes i.e.
solitons or dispersion managed solitons, design of broadband optical components, different
types of fibers etc [26-30].

Selection of optimal modulation format and dispersion management scheme which
helps to increase the BL product along with the overall spectral efficiency of the system is
one of the prime area of interest in the optical link designs. Apparently, dispersion
management technology has evolved over past few decades and has proved to be very
effective in various lightwave applications [31-35]. Periodic dispersion management is

popular in modern WDM designs which comprises of sections of normal and anomalous



dispersion fibers connected in a periodic manner. This periodic combination of fiber
sections is known as dispersion maps. Variation of fiber dispersion in these maps leads
towards quasi-periodic breathing effect in time domain pulse propagation. Advantage of
using these dispersion maps for the dispersion management in WDM systems are less
modulation instability, less timing jitter caused by the collision between different pulses
[36-38], and also less Gordon-Haus effects [39-41]. Another important feature of dispersion
managed links is that the propagating pulse remains “Gaussian” known as dispersion
managed soliton as compared to the “sech” pulse shape as in the case of normal soliton

communication [42,43].

Fiber cables with large bandwidth are the core of optical transmission systems but they
have a low tolerance for nonlinearities, and this will limit the maximum transmission power
[44-47]. Thus, linear and nonlinear impairments of the fiber medium influence the overall
optical link performance and thus need a careful study and analysis of various design
aspects. Moreover, these effects become more difficult to handle in case of WDM and
DWDM systems due to higher launched power and channel interaction. Therefore, it’s
important to discuss and investigate some of the dominating fiber impairments and their
influence on the pulse transmission. Section 1.2 and 1.3 provides the brief discussion of

linear and nonlinear effects respectively in optical fiber.
1.2 Linear effects in optical fiber

Fiber loss and dispersion are the important linear effects which mainly influence the

data transmission through optical fibers.
1.2.1 Fiber loss

Fiber attenuation is although very low ~0.2dB/km in modern fibers but still it is an
important linear effect which gradually reduces the signal power and signal needs to be
amplified after certain distances to compensate these losses. Fiber losses are wavelength
dependent and mainly occurs due to material absorption and Rayleigh scattering.
Mathematically the fiber losses can be expressed as [48]:

P, =P exp(—al) (1.1)
where, P, is the lunched power at the input of the fiber of length L, P, is output power at
the other end of the fiber, « is attenuation coefficient.

Thus the attenuation coefficient (« ) can be related with the input and out power as:

4
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a(dB /km) =~

Ioglo(%) ~ 4.343c (1.2)

in

In this thesis, proper attenuation is considered in all fiber channels and amplifiers are used

to compensate these fiber losses.
1.2.2  Amplified spontaneous emission

To compensate the fiber losses in optical links amplifiers are required at certain
distances. Erbium doped fiber amplifier (EDFA) are the most popular type of amplifiers in
long distance optical link designs. Ideally, to amplify the incoming optical signal in these
amplifiers Erbium ions generated through stimulated emission transfer their energy to the
optical signal field in the form of additional photons of the same phase, frequency, and
polarization. But in real practice, some of the Erbium ions generated through the
spontaneous emission also transfer their energy to the optical field in the form of photon
with random phase, frequency, and polarization. This spontaneously emitted signal known
as amplified spontaneous noise (ASE) is amplified in the same manner as the desired signal
and degrades the signal to noise ratio at the receiver [26]. ASE noise is one of the important
limiting factors in the amplifier based optical link design. In the present thesis, appropriate
ASE noise is considered in the design of optical links and included in the models as an

amplifier noise figure = which is related with the gain of the amplifier (c) and the

spontaneous noise factor (ny,) as:

_2n,(G-D)

X G 2n,, (1.3)

1.2.3 Chromatic dispersion

Chromatic dispersion is basically due to the dependency of the refractive index on the
frequency. Thus, different frequency component of the pulse travels with different velocity
and causes pulse broadening at the receiving end [49,50]. This pulse broadening effect is
more significant at higher data rate transmissions. Transmitted signal power gets attenuated
due to this broadening of the propagating pulse. In fibers, group velocity dispersion
parameter £, is the main parameter that causes pulse broadening. The effect of dispersion
in the design and modeling of the optical links is accounted with the use of dispersion

parameter D (ps/km-nm). In optical fiber, dispersion parameter D and the group velocity

parameter S, (ps’/km) at a given operating wavelength (4 ) are related as:



27C
D=—-222p,
A* (1.4)

1.2.4 Polarization mode dispersion

Polarization mode dispersion (PMD) is the inherent property of the single mode fibers
in the presence of birefringence. This variation of the fiber birefringence along the length of
the fiber changes randomly both in direction and magnitude [51-53]. Birefringence causes
one polarization mode to travel faster than the other and create the delay between the
propagation times of two modes. RMS pulse broadening for the link of length L is related

with the PMD parameter p . ATIis the relative delay along the two principle states of

polarizations.

o? = <(AT)2> ~D2.L (1.5)

p

PMD induced differential group delay estimation is a complex analytical problem because
it is a time-dependent effect in fibers, unlike the chromatic dispersion which is constant
effect. Basically, PMD is a limiting factor in high data rate optical links. In the present work

PMD effect is taken in to consideration for the dual polarized data transmission link design

by considering D, =0.1ps/~'km in the fiber.

1.3 Nonlinear effects

Fiber loss, ASE noise, dispersion are the linear effects and comparatively easier to
manage whereas nonlinear effects, which depend on the intensity of the propagating pulse
are more difficult to manage. Some of the important nonlinear effects are discussed in this

section.
1.3.1 Self phase modulation and Cross phase modulation

Ideally, it is assumed that the refractive index of the fiber remains constant during the
transmission of the signal but in practice, when the high-intensity signal travels through the
optical fiber it modifies the effective refractive index of the fiber and this is known as Kerr
effect [54]. Change in the intensity profile of the pulse with time leads to the time dependent
changes in the refractive index and the pulse will observe different velocity at the different
locations of the fiber. This velocity variation induces time dependent frequency chirp and
thus time dependent phase variations. In single channel, optical links since this phase
changes are introduced by the intensity of the pulse itself this is the reason it is known as



self phase modulation (SPM). SPM introduces the pulse broadening and it will increases
with increase in the launched power of the pulse and severely degrades the link performance
especially at the higher data rate. In multichannel systems this refractive index variations, so
as the phase variations not only depend upon the intensity of the pulse itself but also on the
intensities of the neighboring pulses propagating in the adjacent channels. Thus the total
phase shift in a given channel is due to the cumulative effect of intensities of all transmitted
channels and results in a coupling effect among different optical fields [55-57]. Spectral
broadening in XPM is much higher compared to SPM [58-61]. Therefore, the proper
selection of power is essential for the transmission of high speed optical transmission links
and this becomes more crucial in multichannel optical systems. As the present thesis deals
with single channel as well as multichannel link designs therefore, SPM and XPM both are
considered and their related nonlinearities are properly modeled to evaluate their role in
high speed optical link designs.

1.3.2 Stimulated Raman scattering and Stimulated Brillouin scattering

Stimulated Raman scattering (SRS) is another important nonlinear effect specifically in
WDM systems. Due to SRS, the power of small magnitude will transfer from one optical
field to another field whose frequency is downshifted by an amount governed by the optical
vibration phonons of the medium. This effect was discovered by Raman in 1922 and was
first observed in optical fibers in the 1970s [62]. Unlike SRS, simulated Brillouin scattering
(SBS) is the scattering of light from acoustic phonons when the input power exceeds a
threshold level (~5mW) for long fiber. SBS is similar to SRS but here the scattered light is
downshifted by the frequency of an acoustic phonon (~10GHz) and with a narrower
bandwidth. One major difference between SRS and SBS is, former is a bi -directional
phenomenon whereas the latter occurs only in the backward direction [63,64].
Understanding of these effects is crucial, especially for multichannel systems as they add
more scattered noise and thereby limit the performance of high-speed links. In the present
thesis initially the single channel and thereafter multichannel optical links are analyzed at
appropriate power levels.

1.3.3 Four wave mixing

Four wave mixing (FWM) is another important limiting factor for multichannel or
WDM optical transmission. FWM is a parametric effect, results from the interaction of two

or more photons from one or more waves annihilated, and leads to the generation of a new



photon at the different frequency. The net energy and momentum are conserved during this
interaction [65,66]. FWM is a coherent process and occurs when the two optical pulses are
phase matched along with the sufficient high power. In four wave mixing, there is
interaction not just between intensities and powers but also between the fields. FWM is
independent of the bit rate of the channel and can be minimized by changing the channels
spacing in WDM lightwave transmission systems and choosing appropriate residual
dispersion [67,68]. In the present work, FWM effect is properly explored in the
multichannel link designs. To evaluate and understand the performance of the optical
communication link under the given operating conditions certain performance criterion are
required. Section 1.4 discusses some of these parameters which have been used in this thesis

as a performance measures.
1.4 Performance Measures

One of the key issues for an effective design of optical communication links is to make
the right choice of the performance evaluation criteria. The performance evaluation
parameters should provide a platform to carry out comparative study and analysis. Some of
the important measures, and used during this research work to evaluate the performance of a
transmission links are optical signal to noise ratio (OSNR), Bit-error- rate (BER), Q-factor,

jitter and extinction ratio.
1.4.1 Optical signal to noise ratio

Optical signal to noise ratio is popular and benchmark indicator for the analysis of the
optical transmission systems [1,2]. It is the ratio of optical signal power to the optical noise
power. When using an OSNR for the measurement it is important to define the optical
measurement bandwidth as it actually provides the assessment of the received signals that
are distorted by ASE noise [69].

Pout Pout (16)

N (NF.G—Dhfaf

OSNR =

where, NF is the noise figure, ¢ is Amplifier gain, hf is photon energy and Af is the

optical measurement bandwidth and typically ~12.5GHz (AA =0.1nm) is considered.
1.4.2 Biterror rate and Q-factor

Bit error rate (BER) is another widely used measurement criteria for the optical
amplifier based transmission systems and is decided by the electrical signal to noise ratio



(SNR) at the decision circuit of the receiver. Basically, BER define the probability of
incorrect identification of the bit [4,5]. For optical transmission systems error, free
transmission is often referred to as having BER less than 10, although modern systems
often require BER to be less than 10™ [70].

Q-factor which is again used frequently in the literature approximates the BER to
quantify the optical link performance [70]. Usually, for the reliable optical communication
operating at a BER of 10, the Q-factor comes out to be nearly 6. BER-equivalent Q-factor
or simply Q-factor is mostly used during the designs of links in this thesis work, which is
related to the BER as:

Q(dB) = 20(2"?erfc ™ (2BER)) .7
1.4.3 Timing jitter

Timing jitter is a fluctuation in the sampling time of the transmitting bits. Ideally, it is
assumed that the signal is sampled at the peak of the voltage level of the pulse, but in
practice, sampling time fluctuates from bit to bit. If the bit is not sampled at the center or the
peak value then the sampled value is reduced and that causes the timing jitter (At). Timing

jitter is a random process so as the reduction in the SNR at the receiver [71].

In optical transmission GVD and ASE also contribute to jitter due to time and phase
shifts respectively and limits the transmission data rate [72]. Basically, in long haul optical
communication, fiber dispersion contributes to phase shifts which are converted as
amplitude fluctuations and cause jitter also known as Gordon-Hauss jitter as was first
observed by American physicist James Power Gordon together with H.A. Hauss in the year
1986 specifically for solitons. Also, the jitter caused collectively due to the presence of
SPM and ASE noise is known as Gordon-Mollenauer jitter due to Gordon work along with
L.F. Mollenauer [73]. During the link designs in the present research work jitter effect is
properly taken care of especially in the design and analysis of dispersion managed maps for

long haul optical links.
1.4.4 Extinction ratio

The extinction ratio is the ratio between the output optical power corresponding to the
maximum transmission value and the one corresponding to the minimum transmission
value. In the transmission of 1’s and 0’s ideally there should be maximum power difference

but this may cause a sharp power gradient at the edge of 1’s results in a frequency chirp and



thus leads to a power penalty. However lesser power difference may causes more confusion
at the receiver end due to extinction ratio induced power penalty [69]. Therefore,
appropriate selection of extinction ratio is an important aspect and properly considered

during optical link designs. Extinction ratio (r,,) in terms of zero state power P, and the

power corresponding to one state P, is expressed as:

r, — o (L.8)

P:
1.5 Motivation and Objectives

Due to the higher demand of data in a metro and long haul optical communication
links, pursuit of high spectral efficiency has been increasing [74]. In high speed optical
communication links interaction of fiber dispersion with the spectral components of the
propagating pulse makes the evolving pulse at the receiver end more complex especially in
the case of realistic fibers with nonlinearities. A good signaling scheme plays a crucial role
in achieving the higher spectral efficiency by optimum utilization of bandwidth. Thus, one
of the main concerns of design engineers is to get the best utilization of bandwidth with
optimum signal to noise ratio at the receiver end [75, 76]. As the demand of data is keep on
increasing therefore, various strategies are required to further enhance the capacity. Few of
such techniques are increasing the data rate per channel, employing more number of
channels in a multichannel configuration, use of different fiber types, and efficient

dispersion management schemes for long haul links [77].

Advanced and multilevel modulation formats provide a cost effective approach to
increase the data rate per channel thus to obtain a better spectral efficiency and the quality
research is being carried out to use appropriate modulation schemes in the design of high
speed optical links [75-77]. To increase the transmission capacity of the link various
dispersion management schemes are cited in the literature [15,78] such as pre-chirping at
the transmitter level, dispersion compensating fibers at the fiber link level and the optimum
filters at the receivers to mitigate the linear dispersion effects. Basically, all these dispersion
management schemes are useful for improving the performance of metro and short distance
optical transmission links, however, for a long haul transmission, presence of nonlinearities
induces phase and frequency shift influences the overall system performance severely. Thus
for the long haul links merely GVD compensation at the receiver end is not sufficient to get

the original signal back but the periodic dispersion management schemes are required
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[15,79]. The aim of the present work is to widen and deepen the understanding of optical
channel behavior for various pulse spectrums under sufficient signal strength to visualize
the effects of expected linear and nonlinear impairments in the optical transmission. The
main focus of this thesis work is to design the cost effective solutions for the optical data
transmission, using different advanced modulation formats exposed to different fiber types
and terminate with different demodulator or receiver types. During this dissertation, single
channel as well as closely packed multichannel optical links are designed and optimized for
various fiber impairments. The present thesis also discusses the mathematical modeling for
the analysis of various dispersion management profiles for the propoagtion of dispesrion
managed pulse. Basically, the shape of the pulse propagating in these maps remains

gaussian.

Optical transmission links in the present thesis are designed using commercially

available simulation platform OptSim™ and MATLAB with optimum operating conditions.
The objective of the thesis can be summarized as follows:

1. Channel capacity enhancement by reducing the fiber impairments through spectral

management techniques.

2. Data rate improvement of the optical communication channel using robust pulse

shaping technique.

3. Transmission distance and data rate enhancement using multilevel modulation

formats.

4. Long haul optical transmission through pulse shape management.
1.6 Organization of Thesis

This thesis consists of seven chapters. The organization of this thesis is as follows:

Chapter 1 presents an introduction and a brief review of the background of the optical
communication along with the issues and challenges encountered in the designing of a high
speed optical transmission link. The motivation and objectives are also discussed in this
chapter. In the rest of thesis, we discuss different strategies and techniques to overcome the
various optical link design challenges and propose some simulation testbed experiments to
mitigate the linear and nonlinear impairments present in the practical optical links. The
findings of the study show an enhanced capacity of the optical transmission system to meet
the future demand of such links.
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Chapter 2 provides the literature review of various aspects of optical link design,
issues and challenges of the high speed optical link design and strategies adopted in the

existing literature to resolve them.

Chapters 3 describe the pulse propagation model through the optical fiber and
highlight the effects of spectral management on various linear and nonlinear distortions of
the Gaussian pulse propagation. This chapter proposes a model to analyze the SPM and
ASE-induced limitations at 40Gbps Gaussian pulses transmission and the effect of chirping.
For this analysis RZ pulse of different duty cycle has been considered.

Chapter 4 provides the data rate improvement through the pulse shaping technique.
For the same, duobinary technique is used. This chapter provides the duobinary pulse
optimization with the optimum selection of electrical filter bandwidth at the transmitter side
and optical filter bandwidth at the receiver side. After obtaining the proper duobinary pulse
shape optical transmission link for the transmission of duobinary modulated data at 40 Gbps
data rate is designed and analyzed for various fiber impairments with fixed OSNR

conditions.

Chapter 5 discusses the transmission distance and data rate improvement using
multilevel modulation format. This chapter starts with the single channel optical link design
using RZ-DQPSK modulation format. The designed single channel transmission link has
been tested for three different commercially available fiber types i.e. SSMF, TW-RS and
LEAF to evaluate the performance under various fiber conditions. The system simulation
has been carried for 10Gbps and 40Gbps data rate to observe the effect of increase in data
rate on the performance of fiber. The 10Gbps design is used especially, to compare the
performance with the commercially used data rate in optical transmission. To further
enhance the capacity, this chapter provides the input data is transmission using both
polarization states of the optical carrier in a dual polarized scheme of DQPSK format i.e.
DP-DQPSK. This designed DP-DQPSK transmission is subjected to various fiber
impairments in symbol aligned and symbol interleaved format of transmitted data.

Chapter 6 discusses the pulse shape management using dispersion management
technique for long haul optical communication. This chapter reports an optimum dispersion
map profile for the propagation of dispersion managed pulse propagation. The numerical
analysis done in this chapter mainly concentrates on comparing various dispersion map

profiles and eventually investigates the critical fraction i.e. the ratio of Lyap to Ly, for each
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of these profiles for zero residual condition. The analysis has been further extended for
dispersion managed links with negative residual dispersion and initial chirp to ensure stable
dispersion managed pulse propagation over a long distance. Finally, the study of collision
dynamics between the propagating dispersion managed pulses has been explored to find out

the optimum dispersion map profile in this chapter.

Chapter 7 summarizes the outcome and conclusions of the thesis and presents the

scope of the thesis for further research.
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CHAPTER 2

Optical Link Design Challenges : A Literature Review

2.1 Introduction

Higher demand of data in intense internet applications for metro and long haul networks
are the challenges to the researchers and technology developers to explore and exploit the
potential of fiber optic communication systems [77]. As discussed in the previous chapter,
advancements in optical data transmission and its telecommunication usage is grouped in
different generations as per the capability achieved therein. Starting from the first
generation in 1980 when the data rate was around 45 Mbps to the present status where the
fifth generation is meeting the specification of 100G. However, still the demand of higher
capacity motivates the researchers to innovate new technologies or methodologies to further
improve the data transmission rate in existing network links [80]. As per Cisco global IP
traffic forecast and methodology, by 2019 there will be around 3.9 billion internet users
globally, that is more than 51% of global population in 2014 [81]. Large amount of video
sharing, Facebook, Youtube and many other multimedia applications based global IP videos
will capture 80% of all the projected traffic by 2019 [82].

Thus, the optical communication systems with high data carrying capacity emerged as a
hope for these data hungry applications. To meet all these requirements focus is on, first,
increasing the data rate per channel, second, increasing the number of information carrying
channels in multichannel optical systems. To increase the data carrying capacity of a
channel, various techniques are proposed in the literature [85,86] such as the use of complex
and spectrally efficient modulation formats e.g. duobinary, DPSK,QPSK, DP-QPSK, M-ary
QAM, use of different fiber types e.g. SSMF, LEAF etc , use of various dispersion
management schemes etc. Whereas for increasing the number of channel, compact packing
of channels in WDM systems, also, focusing towards extending the operating wavelength
range from existing C-band (1530nm-1565nm) to L-band (1570nm-1610nm) or S-band
(1485nm-1520nm). These approaches again provide different challenges in terms of
achieving a flat gain across these three different bands.

Basically, increasing the data rate of a channel birefringence induced PMD appears as

one of the challenging factor and since it is a time dependent parameter thus, it will vary
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from fiber to fiber and working wavelength of the channel [54]. Basically, significant
lengths of fibers were installed before this problem was surfaced, thus the issues of PMD
have been carefully addressed in the link designs to increase the data rate [26]. From the
initial work of Poole and Wagner in the year 1986 extensive research has been done and
proposed useful solutions [87, 88]. Also, because of the improved fabrication facilities,

today’s commercial fibers have minimum PMD effect.

Another limiting factor in optical links is a chromatic dispersion (CD). In optical link
designs it can be compensated using various techniques such as, using fiber Bragg gratings
(FBG), using dispersion compensating fibers (DCF) of appropriate length and higher order
fiber mode etc. Each of these methods have their own pros and cons, FBG’s have lesser
insertion loss, small size and less costly but at the same time they have limited operation
bandwidth and need circulators to separate out the input and output signals because of the
retro-reflected signals. Use of DCF is one of the popular dispersion compensation technique
used by the system designers. Although, DCF can provide polarization independent
broadband dispersion compensation but at the same time require a significant amount of
fiber length (1/4 or 1/6 of SMF). These compensating fibers also suffer from the wavelength
dependent losses in case of WDM systems and thus incur additional losses [89, 90]. Higher
order mode fibers provides vary high value of negative dispersion thus require vary less
fiber length for the compensation but the back and forth transformation of the mode will
induce losses and also these fibers induce polarization sensitivity. Although, these linear

effects limits the data transmission capacity but still they are easier to manage.

More challenging situation in the design of high data rate optical links comes from the
kerr nonlinear effects. For single channel systems SPM is one of such effect. SPM induced
pulse broadening was actually observed in CS, by R.G. Brewer in 1967 in his experiment
for Q-switched ruby laser and later by F. Shimizu in the same year [91]. Also the pulse
compression through SPM was first observed by R.A. Fisher and P.L. Kelley in the year
1969 and spectral broadening in fibers was observed by R.H.Stolen together with C. Lin in
1978 respectively [92]. Intensity depended nonlinear effects become more injurious in
multichannel systems as optical beam modifies not only its own phase but also the phase of
co-propagating pulses due the XPM effect [93]. SPM and XPM are some of the major
limiting factor in the design of high speed optical links and can be maintained to a limiting
range by properly selecting the transmitting pulse power.
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Although, in many practical link designs some time it is not possible, also not beneficial, to
completely eliminate linear and nonlinear effects and thus the system designers utilize them
to produce a more robust ultrashort pulses which are useful for very long distance optical
transmission [94,95].

Advanced and multilevel modulation formats are very effective to achieve the higher
spectral efficiency when used in optical transmission channels in the presence of linear and
nonlinear impairments. Apart from various other advantages, there are two main advantages
of using optimal modulation formats, first, they are more tolerant to linear and nonlinear
impairments and, second, their implementation appears to be more economical as they can
be suitably fit with the already existing optical network without upgrading the overall
systems [75, 77, 96]. Therefore, this chapter provides the basic principle behind the optical
modulation and demodulation techniques and the cost-effective modulation formats which
can provide good spectral efficiency. Also, how the controlled amount of linear and
nonlinear effects is utilized to get the robust pulse shapes for the long haul multichannel
optical transmission has also been discussed in this chapter. Organization of this chapter is
as follows: section 2.2 provides the various modulation and demodulation techniques
employed in optical communication systems. Section 2.3 discusses various data modulation
formats used in this thesis for the optical link design. Section 2.4 provides the significance

and need of this research work.
2.2 Modulation and Demodulation

Modulation and demodulation are the important functions of any communication
systems including optical communication. Section 2.2.1 and 2.2.2 provides the modulation
and demodulation techniques used to impress the electrical data on an optical carrier and

retrieving back the original data signal respectively.
2.2.1 Modulation in optical transmission

In optical communication, the carrier signal can either be directly modulated by the
information data bits or can be externally modulated. In former technique, the optical signal
from the laser is directly modulated by transmitting data by switching “on” and “off” the
light signal. This is the easiest way to superimpose the data on the optical carrier. Direct
modulation of the laser was the main technique till the 1980s and the early 1990s. However,
direct modulations have several inherent limitations and one of them is a pulse chirp which

results in a spectral broadening of the signal causing several dispersion penalties. Directly-
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modulated optical signals experience fluctuations in intensity due to Relative Intensity
Noise (RIN) of the semiconductor laser [97]. The non-zero linewidth of laser sources
introduces laser phase noise thus for high-speed transmission link designs direct modulation
is usually not preferred. Therefore, external modulators become an essential choice for
high-speed long-haul optical communication systems. External modulators remove a large
amount of wavelength chirping. In optical transmission mainly two types of semiconductor
external modulators are used i.e. electro-absorption modulators (EAM) and electro-optic
modulator (EOM). Working operation of EAM modulator is based on the Franz-keldysh
effects i.e. change in optical absorption with the applied electric voltage [98]. In EAM
modulators, the intensity of the light is controlled by an electric voltage. These modulators
with less driving voltage requirement and economical in large production, are available for
the modulation rate of up to 40 Gbps to 80 Gbps. However EAM modulators have some
limitations such as their absorption characteristic is depend on the wavelength, residual
chirp, limiting power handling capability and limited extinction ratio (not more than 10 dB)
[99].

Electro-optical modulators (EOM) are preferred over EAM due to various advantages
of electro-optic materials such as linear response characteristic, high extinction ratio, and
capability to control phase, frequency or amplitude of the optical carrier signal [100].
Basically, LINbO3 EOM has been developed since the 1980s but become popular only with
the advent of EDFAs in the late 1980s and mainly employed for coherent optical
communication to overcome the problem of laser line width and RIN noise [101]. The
operation of EOM is based on the principle of Pockels electro-optic effects of solid-states,
polymeric or semiconductor materials which are the change in refractive index of a
medium with applied electric field [102]. From many years waveguides of EOMs are
mostly integrated on lithium niobate (LiNbO3) materials which have inherent properties
such as high electro-optic coefficient, low attenuation and are able to generate chirp-free

signals [69].

One of the popular EOM modulators is Mach-Zehnder Modulator (MZM). MZM s
preferred with advanced modulation scheme due to their good modulation performance and
capability of independently modulating the phase and intensity of optical carrier [103-105].

In this thesis, MZM modulators are used as external modulators.
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Proper extraction of information from the transmitted optical signal is an important aspect
of the transmission link design. Basically, demodulator design is largely influenced by the

type of modulation scheme used at the transmitter.
2.2.2 Demodulation in optical transmission

Major challenges for the design of higher data rate optical transmission systems lay in
the design of a suitable receiver for a given transmitted data in the presence of various fiber
impairments of the optical fiber. Demodulator or receiver design is an important building
block of optical communication systems and needs to perform satisfactorily at the minimum
received SNR.

2.2.2.1 Direct detection

Choice of optical receiver depends on the modulation technique or the pulse shape used
at the transmitter to encode the input signal. Therefore, detection method will be different
for the modulation technique which uses only two levels to encode the signal (on-off
schemes) from that which utilizes the multilevel encoding schemes (or Multilevel
modulation techniques) [69]. In year 1970s when the research in the area of optical fiber
communication started, systems use intensity modulation of the semiconductor laser, this
intensity modulated signal transmitted through optical channels and detected by optical
receiver consists of photodiode (PIN or APD). This type of optical transmission systems are
commonly known as intensity modulated direct detection (IMDD) systems and they are
simple to implement. IMDD systems are commonly employed in optical transmissions and
due to their simplicity in design they are in use till the present date [106-108]. In Photodiode
detection of the optical signal, the electrons generated in the photodetector are electronically
amplified through front-end electronic amplifiers which amplify them and then this signal is
decoded to get the original information. Electronic amplifiers are the key components of
these types of optical receivers. Along with the amplification, their low noise contribution
and compact size is an essential attribute for the design of good optical receivers. Some of
the main features of IMDD systems are their less complex circuitry, easy detection, low
electric power consumption and latency [109]. Chapter 3 of this thesis uses IMDD scheme

for the optical link design and analysis.

Although, IMDD schemes are less complex and easy to implement, but to increase the

spectral efficiency of the optical transmission various advanced modulation formats like
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QPSK, DQPSK, QAM, etc. are required and to retrieve the original information signal from

these encoded schemes coherent as well as balance detectors are required.
2.2.2.2 Coherent and Balanced detection

Coherent detection techniques for optical transmission systems were studied extensively
in the early to mid-1980s, even the first proposal of coherent detection was done by
DeLange in 1970 [110], but this does not attract any attention from optical service
providers, as by that time IMDD techniques were the main detection technique. Also, at that
time it was difficult to get the stable frequency laser sources. It was in year 1980s when
Okoshi, Kikuchi, Fabre and LeGuen independently presents precise frequency stabilization
methods for laser sources [111,112]. The important feature of the coherent transmission
system is their ability to store the complete information in its carrier in the form of in-phase
and quadrature components and state of polarization. They are also able to provide longer
repeaterless transmission distances [113]. But definitely, all these advantages of coherent
systems will not come free of cost and there are some problems associated with them, such
as coherent receivers are more complex and sensitive towards change in phase of the input
signal or state of polarization. The phase noise of a semiconductor laser is a major limiting
factor for coherent systems. Therefore, even if one can control the frequency drift, carrier
phase can fluctuate because of the phase noise, thus small linewidth laser sources are the
important requirement for the coherent system designs. These are some of the reasons why
coherent detection requires more complex design compare to their IMDD counterparts.

In the year 1990s, many systems were proposed for coherent detection [114], also
invention of EDFA at the same time make the short noise receiver sensitivity of coherent
receivers less significant, as for the EDFA based transmission systems carrier to noise ratio
is mainly determined from the accumulated amplified emission (ASE) rather than by short
noise [115]. Many technical difficulties such as stability, stable locking of laser etc. were
not properly addressed by that time thus further research and development in coherent
detection systems were almost interrupted for years but restarted due to the high demand of
data capacity [116]. As the demand for capacity and bandwidth is increasing exponentially
thus the multilevel modulation formats with coherent detection attract system designers and
engineers. H.Sun K.-T.Wu et al. in the year 2008 presented the use of advanced ADC and
DSP and proposed an application specific integrated circuit (ASIC) for 11.5-Gsymbols/s
PM-QPSK signal transmission [117]. Later on various advancements in the ASIC and DSP

based transceivers has been reported in the literature [118-120].
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As discussed earlier in coherent receivers, sensitivity is higher compared with direct
detection but they are more sensitive towards the phase and frequency variations and the
optimum choice of the local oscillator is a serious task in these types of receivers.
Therefore, to avoid complications of coherent receivers but to improve the receiver
sensitivity, another scheme popularly used for the constant-envelope modulation formats is
balanced detection [121,122]. One of the advantages of balanced detector receiver is their
ability to cancel relative intensity noise (RIN) and provides higher reliability. Balanced
detector is reported to perform approximately 3dB better when used with sufficiently
narrowband filtering in front of MZI compared to their single-ended PIN counterparts [123].
Since the aim of this research work is to provide the easily implementable and cost effective
techniques for the capacity enhancement, therefore, coherent receivers are not specifically
used here, whereas balanced detectors are used in chapter 5 for the demodulation of

transmitted data.

Section 2.3 discusses some of the popular modulation formats based on direct and
balanced detection technique. These modulation formats are utilized for the link design in
the subsequent chapters of this thesis.

2.3 Data modulation formats

An optical channel provides the vast bandwidth between transmitter and receiver and
the good modulation scheme plays a vital role in making the efficient use of this channel
bandwidth. The conventional non return to zero (NRZ) and return to zero (RZ) also known
as on- off —keying (OOK) is one of the simplest and preferred modulation techniques when
the huge bandwidth is available. In fact, in the year 1844 Samuel Morse sent the first
telegraph message using the first version of OOK modulation known as Morse code [124].
Therefore, this discussion starts with NRZ and RZ modulation formats as they are the oldest

but still in use and also provide a good reference to compare the other modulation formats.
2.3.1 Nonreturn to zero / Return to zero

NRZ is widely used binary intensity or amplitude shift keying type of modulation
format it requires minimum bandwidth and minimum optical peak power per bit interval,
and less sensitive to laser phase noise [125]. For long distance optical systems NRZ
modulation is found to be less susceptible to SPM and GVD effects because of its narrower
spectral width. However, in higher bit rate optical transmission systems RZ modulation

formats proved themselves better than NRZ in terms of robustness towards distortions and
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time synchronization. Although, the performance of RZ format is betters than NRZ but at
the same time their transmitter design is more complex than NRZ [126]. Basic block
diagram to generate NRZ pulse shape is shown in Figure 2.1. NRZ modulated signal can be
generated using MZM modulator where input electrical signal is modulated by external
MZM modulator and convert the electrical signal to optical signal at the same data rate.
MZM modulator is biased at its quadrature point and is driven from minimum to maximum
transmission with switching voltage V.. A simple photodetector is sufficient at the receiver
to detect the NRZ coded signal. For coherent detection NRZ modulation has an inherent
problem, such as there is no error correction and self-clocking features. Therefore, for the
long strings of ones and zeros, there is a problem of timing information also ISI is more
dominated in NRZ format [75].

Data Modulator

CW laser > MZM —»

Optical
NRZ data

NRZ data Vbias

Figure 2.1: Generation of optical NRZ signal

Figure 2.2 shows the generation of RZ modulated pulse in optical domain. Unlike NRZ, for
RZ pulse the width is smaller than its bit period. Basically, to generate RZ pulse two
modulators are required, the first modulator known as pulse carver consists of dual drive

MZMs driven by two opposite sinusoidal signals.

Pulse Carver Data Modulator
CW laser > MZM > MZM —
Optical
RZ data
Clock Vbis Vi
NRZ data = "™

Figure 2.2: Generation of optical RZ signal
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To generate the RZ pulses this carver is biased at +V/_,, with the Vp-p ofv_,, and the

generated pulses have a w phase difference for the state “1” and state “0” of the input pulse
sequence. Different types of RZ pulses can be generated by varying the amplitude of the
driving voltage. Out of various other RZ pulse shapes, 67% duty cycles RZ or CSRZ is
more popular in high-speed optical transmission [127]. Basically, in the year 1999 Sano,
Miyamoto et al. proposed the CSRZ transmission over a periodically dispersion
compensated optical link [128,129].CSRZ perform better in the presence of chromatic
dispersion and fiber nonlinearities. An early study of the impact of nonlinearities on
modulation formats conducted for per channel data rate of 40Gbps has used CSRZ [130].
Initially, CSRZ was preferred choice for short distance high power WDM systems as it is
able to suppress IFWM and later it was used for long distance communication as well [131].

In chapter 3 different duty cycle RZ pulses are used for the 40 Gbps data transmission.
2.3.2 Duobinary

Another modulation format or pulse shaping technique which is very popular for
transmission link designs due to its various inherent features is duobinary. Duobinary
technique was first proposed by A. Lender in 1960s for electrical signals and later it was
used for optical transmission [132]. In the year 1980, an optical three amplitude level
duobinary experiment was reported at the data rate of 280Mbps in which the improvement
in the receiver sensitivity was confirmed by utilizing the matched filters at the receiver side
[133]. Price, Mercier et al analyzed a reduced bandwidth optical intensity modulation with
improved CD tolerance [134]. Yonenaga and Shibata et al experimentally analyzed an
optical duobinary transmission system with no receiver degradation [135]. Now a day’s
duobinary modulation has been used for high-speed optical transmission systems.
Duobinary is a type of modulation with data capacity comparable to quaternary modulation
schemes but at the same time implementation complexity is almost comparable to the
normal binary system. Also, there is no need of ideal low pass rectangular baseband filters.
Duobinary is also a cost effective approach compared with other advanced modulation
formats as it requires less dispersion compensation [136]. Block diagram to generate the
duobinary signal is shown in Figure 2.3. Duobinary transmitters use differential pre-coders
at the input to avoid the error propagation. Low pass electrical filter converts this pre-coded

signal into three-level electrical signals.
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Figure 2.3: Generation of duobinary signal

The selection of this low pass filter is very crucial as it will improve the chromatic
dispersion tolerance. Normally the bandwidth of this electrical LPF is equaled to the quarter
of bit rate [137]. Optical link design using duobinary technique has been proposed in
chapter 4 of this thesis.

2.3.3 Differential phase shift keying

Differential phase shift keying (DPSK) is a phase modulation format. Advantages of
phase modulation formats in optical transmission have been known since mid-1980’s and
phase shift keying (PSK) modulation was used as early as 1962, when the Bell 201modem
was introduced [138]. In the beginning of the year 1980, the DPSK protocol for air traffic
control radio communication was implemented. In early days of these communication link
implementations, designers use low-cost FSK or PSK modulation schemes to minimize the
cost. Compared to the performance of these schemes to the DPSK format there is an added
performance improvement but the main challenge was the availability of low-cost DPSK
demodulators [138]. From recent years a good amount of research is going to use the PSK
schemes for optical data transmission [139]. DPSK is a fast and stable modulation format
and the modulated signal is not the binary code itself, but a code that record change in the
phase of the binary stream and this make receiver design simple as it has to detect only the
changes in phase not the absolute phase of the incoming signal [140,141]. Several studies
have compared the performances of OOK modulation with DPSK and reveal the
improvement in the transmission distance (improving the range by 3-6 dB) using DPSK
modulation as compared to OOK modulation [123]. DPSK have some added advantages
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compared to PSK as well, as the information is stored in the phase change, not in the
absolute phase so it is good for the specific systems where exact phase is not known or if
the system is affected by the phase noise and still detection is possible using DPSK
modulation [142]. Experimental demonstration using DPSK at 10Gbps for submarine
transmission shows improvement in BER compared to amplitude modulated or OOK
modulation schemes and justify that the DPSK modulated data is more tolerant towards
nonlinear effects in ultra long haul systems [143,144]. Also, the lower OSNR requirements
of DPSK modulation technique make it suitable for long haul transmission.

Differentially

encoded NRZ Chirp
l 4 Im(E)
Laser »| Phase Mod. | | Pulsecarver | _,
RZ-DPSK Re(E)
Differentially
encoded NRZ
l Intensity dips 4 Im (E)
Laser » Phase Mod. || Pulsecarver |
RZ-DPSK Re(E)

Figure 2.4: Generation of RZ-DPSK signal

DPSK signal can be generated by using either phase modulator or using MZM as
shown in Figure 2.4. The optical power appears in each bit slot, with the binary input data is
encoded as either 0 or & phase difference between the two symbols. The power in each bit
can occupy by either full bit slot (NRZ-DPSK) or can appear as an optical pulse (RZ-
DPSK).

Since the phase modulation cannot occur instantaneously and the phase modulation
technique of DPSK introduces chirp across the bit transmissions. Here as well, to generate
RZ pulses pulse carver is required which is performed by the second MZM modulator it
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carve the pulses coming from phase modulator and generating the RZ-DPSK modulated
signal. MZM needs to be biased at the null to generate the phase modulated signal and

switching voltage should be double of that is required for OOK modulation [75].
2.3.4 Differential quadrature phase shift keying

There are many applications of phase modulated schemes in optical communications
and to further increase the spectral efficiency, researchers are moving towards multilevel
schemes. Differential quadrature phase shift keying (DQPSK) is the only true multilevel
modulation scheme [145]. In DQPSK modulation the input data sequence is converted into
four phase states of optical carrier i.e. 0, +n/2, -n/2, © and at the receiver side transmitted
signal will be demodulated through the phase difference between two successive bits.
Spectral efficiency of DQPSK is higher than the DPSK encoded signal although the
spectrum of both are comparable. This is due to that fact that in case of DQPSK the symbol
rate is half of the bit rate thus the spectrum is compressed in frequency by a factor of two
[146-148]. Narrow spectrum makes DQPSK modulated signal performs better in the
presence of CD and other fiber nonlinearities.
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Figure 2.5: Generation of DQPSK signal

Generation of DQPSK modulated signal is shown in Figure 2.5. The input optical
signal is divided into two paths with a phase shift of 7/2 and applied to two different MZMs
which are driven by the in-phase and quadrature-phase electrical signals and in this way
both branches of optical carriers are converted into two DPSK signals. The upper branch
will be mapped into 0 and = in the real axis and the lower branch will be shifted by /2
phase shift and mapped as +j and —j [75]. Chapter 5 of the thesis provides an optical link
design using RZ-DQPSK modulated signal.
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2.3.5 Dual polarization-differential quadrature phase shift keying

Over the time, system designers have already utilized the amplitude, frequency, and
phase of optical carrier to transmit the input information bits, but to meet the everyday
increasing demand of data, there is a need to keep on upgrading the existing information
carrying capacity of the channels. Multilevel modulation formats came to further improve
the information carrying capacity of existing optical transmission systems. Data capacity
can be further improved by encoding data in both the polarization state of the carrier. As the
current transmission rate is moving toward the 100Gbps per channel and the modulation
formats used for 10 and 40Gbps cannot be directly applied to them [149,150]. Therefore,
one of the major challenges with 100Gbps transmission link designs is to choose the best
modulation formats. The modulation format should satisfy lower bandwidth specifications
of existing optoelectronic components and also will be able minimize the limitations of
chromatic and polarization mode dispersion. Thus, low symbol rate multilevel modulation
formats are popular choices in 100Gbps transmission systems. Some of the popularly used
100Gbps modulation formats are: differential phase shift keying-three level amplitude shift
keying (DPSK-3ASK), Dual polarization- DQPSK (DP-DQPSK), four carrier-optical
duobinary (FC-ODB), Dual carrier-DQPSK (DC-DQPSK), Dual polarization-QPSK (DP-

QPSK) etc. The basic attributes of these formats are summarized in Table 2.1.

Table 2.1: 100Gbps Modulation formats [149]

Format DPSK-3ASK DP-DQPSK FC-ODB DC-DQPSK DP-QPSK
Detection Direct Direct Direct Direct Coherent
Application Metro Metro Metro Metro/Core Core
Symbol 43 28 28 28 28
Rate(GBd)
WDM Grid 100 50 100 50x2/100 50
(GHz)

From the table 2.1, it can be observed that DPSK-3ASK, DP-DQPSK, FC-ODB, DC-
DQPSK and DP-DQPSK are direct detection modulation formats whereas DP-QPSK is
coherent detection technique. Although the performance of coherent demodulation formats
is better than the direct detection formats but this comes at the cost of more complex

electronic circuitry and more electric power consumption [151,152]. Direct detection is
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more economical approach compared to the coherent systems for short distance optical
communication. The simplicity of the systems is one of the attributes of direct detection
systems and this is the reason that various advanced modulation formats are optimized for
direct detection. Direct detection schemes are very popular and a good amount of literature
is available with the comparison of direct detection based modulation schemes for metro
area networks [153-154]. For the transmission of data, spectral planning plays a crucial role
and as per ITU channel grid standard, 50GHz is used for the core network and 100 GHz is
used for the metro networks. Basically, filter technology mainly affects this standardization
[155]. This thesis aims to provide the good spectral efficiency with the easy and cost
effective implementation, thus, the dual polarized modulation format with direct detection

DP-DQPSK is selected for the optical transmission link design.
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Figure 2.6: Generation of DP-DQPSK signal

Figure 2.6 shows the generation of DP-DQPSK modulated signal where X and Y-
polarized components are combined at the transmitter and at the receiver polarization de-
multiplexer separate out them to retrieve the original information signal [156,75]. Chapter 5

of the thesis provides the link design using DP-DQPSK modulation format for 9 channel



DWDM configuration with 50GHz ITU grid. The designed DP-DQPSK link has been

optimized for various linear and nonlinear effects.

All the above discussion justified the fact that the use of spectrally efficient modulation
formats is a good approach to upgrade the transmission capacity of the channels. Similarly,
it is also observed that if one will keep on upgrading the modulation formats then their
circuit complexity also increases. Also, in long haul optical transmission links,
nonlinearities become so dominant that it becomes really difficult to accommodate more
number of bits per symbol and retrieve them properly at the receiver. Therefore, along with
the use of advanced modulation formats, implementation of different types of dispersion
management schemes along the length of the transmission links is a another technique and

widely adapted in multichannel long distance optical links [157,158].

Choice of proper pulse shape for these dispersion management maps is an important
design requirement to get the optimum advantage from them. Popular pulse shapes used in
dispersion managed systems are NRZ, chirped RZ, DPSK and dispersion managed (DM)
soliton [159-163]. Out of these shapes, DM soliton is the most appropriate, as it balances
out the dispersion and nonlinear effects thus overcome one or the other shortcomings of
other pulse shapes [164,165]. Although, the existence of solitons in lossless fibers was
theoretically explained by Hasegawa and Tappert in 1973 and study of soliton transmission
in optical fibers was first done by James P. Gordon along with R.H. Stolen and L.F.
Mollenauer in 1986 [166,167]. But it was in the year 1987 when the concept of the
existence of dispersion managed soliton was first proposed [168]. Basically, soliton opens
the scope of much awaited all-optical transmission and after the proposal of use of Raman
gain of the fiber itself for the transmission. The concept was first used for long distance
experiment in 1988 by Mollenauer and Smith [169], later these Raman amplifiers were
replaced by EDFAs in year the 1990 [170]. Also all optical communication was challenged
by many researchers, Gordon and Hauss predicted that amplifier noise induces timing jitter
as it introduces frequency fluctuations and influences the SNR of the transmission link
[170]. Dispersion managed solitons have been a topic of extensive research from last few
decades owing to their capability in meeting the demand of higher data rate while providing

improved quality of information transmission in nonlinear optical fiber [171-173].

In linear systems, amplifier noise deteriorates the signal to noise ratio but this will not
be the case with solitons as one can easily increase the amplitude of the signal with

appropriate selection of dispersion in a fiber. However due to amplifier noise, frequency
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modulation introduces a velocity modulation, results in a jitter in the arrival time of soliton
pulses and contributes to the overall jitter [173].Therefore, through the rigorous literature
review it is evident that in modern optical transmission systems various techniques have
been implemented to improve transmission distance and capacity. Some of the popularly
used methods are the use of advanced modulation formats, dispersion compensation
techniques, different types of fibers, parallel transmission at different windows, and
implementation of dispersion managed maps etc. Although lot more research has already
been done in optical link design and optimization but still there is a scope of further
research. Based on the extensive literature review we have identified some of the areas for

the further work.
2.4 Scope of the thesis

1. Literature is available showing various spectral management techniques to improve
the performance of the optical transmission link but limited literature shows the
analysis at 40Gbps of different duty cycles pre-chirped Gaussian pulses. The present

thesis investigate and explore this scope.

2. Use of spectrally efficient modulation technique is another approach to improve the
data carrying capacity of the optical transmission links. Duobinary is an efficient
data transmission scheme but less data is available for the mitigation of the fiber
impairments through electrical and optical filter optimization at different OSNR
conditions. This thesis shows propagation of RZ/NRZ duobinary pulses at 40Gbps at
different OSNR values. Optimized electrical and optical filter are used which can
shape the spectrum of the pulses and make it robust towards various fiber

impairments.

3. Multilevel modulation formats are popularly used for the design of high speed
optical links. Limited literature is available showing the comparison of SSMF,
LEAF, TW-RS types of single mode fibers in the DQPSK modulated transmission
channel, Present thesis provides the comparison among LEAF, TW-RS and SSMF
fibers for the RZ-DQPSK modulated data transmission at different data rates. Also,
for the future high speed optical links dual polarization format of DQPSK i.e. DP-
DQPSK is utilized in the multichannel transmission system with the data rate of
112Gbps per channel and designed link is subject to various linear and nonlinear

effects.
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4.

In long haul WDM systems pulse shaping technique to maintain the shape of the
propagating pulse is a useful approach. Dispersion managed maps are used for the
stable pulse propagation. For the same dispersion managed soliton is a popular
choice and a good amount of literature is available which demonstrated the pulse
propagation, but still there is a limited literature which can provide the comparison
among the various dispersion map profiles. This thesis provides a numerical analysis
to find the optimum dispersion map profile for dispersion managed soliton
propagation and methods for the further intensification of the transmission distance
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CHAPTER 3

Optical Link Performance Enhancement: RZ-Modulated

Gaussian Pulse

3.1 Introduction

Ever increasing demand for high speed metro and long haul communication links has
triggered a growing interest in deploying optical communication systems and networks. The
lower chromatic dispersion at 1300nm has extensively been explored, however, the advent
of EDFA as a line amplifier has shifted that preferred wavelength choice to 1550nm. In
general, the speed of optical data pulse is mainly limited by pulse spread due to dispersion
and therefore pulse spectrum manipulation at the launching point at the fiber plays a crucial
role during propagation. Various modulation schemes provide different spectrum and thus
gives a choice to use them appropriately to counter the deterministic caused in the pulse
shape during propagation through dispersion and nonlinear limitations. Modulation schemes
such as Return to Zero (RZ) and Non-Return to Zero (NRZ) are the oldest yet preferred
modulation formats for data transmission in optical transmission links. The performance of
RZ modulation formats proves better than NRZ in terms of robustness against distortion and
time synchronization. Moreover, RZ modulated signal stream consisting of a sequence of
similar pulse shapes is more tolerant to non-optimized dispersion maps. In the literature,
dependency on the pulse shape to achieve an optimum balance between fiber nonlinearities
and dispersion using RZ formats has been well appreciated for high data rate optical links
[174].

The core of optical communication systems is a fiber. When data is transmitted through
the fiber, it gets influenced by the various impairments of the fiber. Therefore, before
starting the analysis on transmission pulse, here, the mathematical model to understand the
pulse propagation through single mode fiber under appropriate fiber conditions has been
discussed. So this chapter starts with the discussion of the Gaussian pulse propagation in
section 3.2, Section 3.3 provides the analysis of SPM induced limitation on the chirped RZ
modulated Gaussian pulse. In the section 3.3 influences of chirp parameters, under different

duty cycles of the RZ format has been simulated to evaluate the link performance in terms
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BER-equivalent Q-factor in the graphs written as Q-factor. Section 3.4 presents the
influence of ASE noise on the propagation of these chirped Gaussian pulses. The important

result of the chapter is summarized in section 3.5.
3.2 Pulse propagation in optical fiber

An optical signal power attenuates while propagating through the fiber which is usually
compensated by placing all optical amplifiers at certain distances. This signal amplification
is required to maintain the desired SNR. Sometimes higher input peak power is considered a
choice to increase the separation distance between line amplifiers to reduce the number of
repeaters in the link. However, in such cases increased input peak power forces the fiber to
operate in the nonlinear regime. Therefore, it becomes important to study and investigate
various linear and nonlinear effects for proper optical communication link design [15]. Fiber
acts as a nonlinear medium for the propagating signal where the refractive index depends on

the intensity of pulse which makes the medium characteristics a time dependent and can be
characterized by pulse intensity profileI(t). This nonlinear refractive index (n,,) can be

expressed as:

Ny =Ny +N,1(t) (3.1)

e, P 32)
A,

ff

where n, is a linear refractive index, n, is Kerr coefficient or nonlinear coefficient of the
guided medium, 1(t) is the intensity of the pulse train, P is the average optical power of the

pulse corresponds to I(t) and A, is the effective area of the fiber.

A Nonlinear Schrodinger Equation (NLSE) is used to analyze the behavior of signal
propagating in an optical fiber including the amplitude, dispersion and nonlinear effects of
the propagating signal. The basic form of NLSE is [26]:

oA if, 92A
_+_
oz 2 ot?

:iy|A|2A—%A (3.3)

where A= A(z, t) is an amplitude of a Gaussian input pulse and is associated with the
electric field E of an optical signal in a fiber. Propagation of Gaussian pulse in fiber is

considered by taking initial amplitude of that pulse, which can be expressed as [26].
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A1) = A, exp{— 1+2ic (Tij ] (3.4)

here, A, is peak amplitude, c is chirp factor, T and t are the input pulse width and time

period of the wave travelled respectively. 2, is Group velocity dispersion coefficient, « is

fiber loss and y is the nonlinear coefficient.

Dispersion, as discussed in chapter 1, is a linear effect and the major limiting factor in
high speed data transmission and must be addressed properly for the reliable
communication link design. Equation (3.3) has to be solved to analyze the group velocity
dispersion (GVD) effects on the pulse propagation. Moreover, the dispersion is a
cumulative effect and gets accumulated with the fiber length. Usually owing to GVD

effects, pulse width broadens to /2 times beyond each of the dispersion length L, defined

as T; . Thus dispersion length is an important scale over which dispersion effect becomes
A

important for pulse evolution and plays a crucial role in determining the related limitation in
the optical link design. Along with the dispersion, Chirp (c) is another important factor
which affects the pulse shape during the propagation. This chirp parameter is the change in
carrier frequency with time as mentioned in equation (3.4). A pulse is said to be chirped
when there is a sudden change in carrier frequency, and this can be either in-phase or out of

phase. The frequency change as a function of chirp parameter is expressed as [26]:

AF (1) = %Tit (3.5)

2
0

Basically, the product of g, and c decides the pulse shape during propagation. Thus,
the pulse will either broaden or compressed during transmission and this is decided by the

product of £,C and the same can be observed from Figure 3.2 and 3.3 for the positive and
negative value of ,C factor respectively. Figure 3.1 shows the unchirped Gaussian pulse
shape at the launching stage of the fiber. Thus, for a system working at 1.55um the GVD (
£,) 1s a negative quantity, therefore, for a negatively chirped pulse g, ¢ factor becomes
positive and this leads to a quicker broadening of the pulse as depicted in Figure 3.2
whereas when £,C is a negative quantity in case of positive chirp value, the pulse will

observe compression as can be observed from Figure 3.3. These results validate the
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influence of pulse and channel parameter on the propagating pulse shape and thereby on the

spectrum of the launched pulse.
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Figure 3.1: Initial input Gaussian pulse shape.
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Figure 3.2: Propagation of Gaussian pulse with ,C factor positive
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Figure 3.3: Propagation of Gaussian pulse with g, C factor negative

Although, dispersion and chirp affect the shape of transmitting pulse but they only
introduce a linear distortion which is comparatively easier to compensate, however, the
nonlinear phenomenon occurring in optical fibers due to Kerr effect as expressed with the
coefficient 5 in equation (3.3) introduce a rather complex spectral distortion. For single
channel transmission systems this dominates in terms of self phase modulation (SPM) as
discussed in chapter 1 and causes a time dependent nonlinear phase variation which leads to

frequency chirp.

Also, the effect of nonlinearity grows with the intensity of the fiber, for a given power,
the intensity is inversely proportional to the area of the core, As the power is not uniformly
distributed within the cross section of the fiber thus it is important to define an effective

area of the fiber which is related to the actual area as [26]:

(] [IF 0 loxy)®
Ag =— (3.6)
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Ay 1s an important parameter as the nonlinear effects are defined in terms of it for the

fundamental mode propagating in the given type of fiber.

Similar to the dispersion length it’s important to understand a nonlinear length after
which nonlinear effects start dominating the pulse propagation in the fiber and this is

expressed as below where p, is the peak power of the pulse

1
Ly =& (3.7)
7o

The increase in p, reduces the nonlinear length, thus, deteriorate the performance of the

communicating link. As nonlinear interaction depends on the transmission length and the
cross-sectional area of the fiber, thus careful management of pulse energy and shape

management is required for a high speed optical fiber communication link design.

Similarly, the third parameter present in the equation (3.3) is the fiber attenuation
coefficient (« ) associated with the internal fiber losses. As the signal propagates along the
transmission link its power decrease because of the fiber attenuation, and this is the reason
most of the nonlinear effects occur early in the fiber span and corrupt the pulses for the rest
of their journey. Basically, material absorption and Rayleigh scattering are the two main
mechanics of losses in optical fibers. In today’s fibers material absorption loss is reduced to
almost negligible level for the wavelength of interest (0.8-1.6um), left with the loss due to
Rayleigh scattering [1]. Since the complete modeling of these effects throughout the
propagating path is fairly complex so for simplicity it is possible to assume that for a certain

length, power remains constant and this is known as effective length (L, ) of the fiber. In

the absence of fiber losses (« =0), L, becomesequal to L i.e. the actual length of the fiber.

The maximum phase shift ¢,,, related to the effective length and the actual length of the

fiber and occurs at the pulse center located at T = 0.

After understanding the basic mechanism of Gaussian pulse propagation through
optical fibers, simulation test bed is prepared using commercially available optical
communication tool OptSim™ to analysis the effect of SPM on the behavior of chirped
Gaussian pulse. The transmission link is designed at 40 Gbps data rate as discussed in
section 3.3.
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3.3 SPM induced limitations for chirped Gaussian pulse propagation at
40Gbps

As discussed earlier to maintain the SNR in optical transmission links, amplifiers are
important and need to be placed at certain distances to boost up the signal power. Higher
input peak power than would have been a choice to increase the separation distance between
amplifiers. But as the input peak power increases SPM starts dominating the pulse
transmission in the single channel fiber systems, thus it is important to analyze SPM effect
for high-speed links. For the present analysis, the bit rate of 40Gbps has been considered for
the transmission of pre-chirped RZ modulated pulse at different duty cycles. Figure 3.4
shows the simulation setup of 40Gbps optical transmission link to study SPM induced
nonlinear effects. Transmitter section consists of PRBS generator, NRZ pulse generator, and
an external modulator. Here, to generate RZ coded pulses electrical NRZ modulator and
optical pulse carver are used which provides input to MZM. Here for the SPM analysis

dispersion is completely neglected with proper design parameters.
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Figure 3.4: Layout for 40Gbps link to study SPM effect

For the simulation dispersion shifted fiber (DSF) of 50 Km length is considered. The
other parameters of DSF are: attenuation oo = 0.2dB/km, dispersion (D) = 0.2ps/km-nm and
dispersion slope S is 0.07ps/nm?/Km at 1550nm. Similarly, other simulation parameters are
nonlinear refractive index N, is 3 x 10°°m?%W and core effective area (Aet) as 60.805um?.
Input peak power of the pulse is varied from 10mW to 80mW, higher power is considered
for the extreme case analysis. MZM with an offset voltage of 0.5V, the extinction ratio of
20dB and the 3 dB average power reductions due to modulation is considered. The Optical
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splitter is considered as ideal and thus its attenuation is considered to be 0dB. PIN diode
with a quantum efficiency of 0.7, the responsivity of 0.8751 A/W, the dark current of 0.1nA
and 3dB bandwidth of 20 GHz is used. The simulation has been carried out for chirped
Gaussian pulse with the duty cycle of 33.3%, 50%, and 66.67%.Value of the chirp
parameter considered for the present work is =-1.0, -0.5, 0, 0.5 and 1.0. As source chirping
plays a significant role in deciding whether pulse broadening or compression will take place

during pulse propagation through a fiber. Thus, in the present case as /3, is negative, a
negative value of ¢ makes 4,C > 0 to broaden the pulse monotonically and for g,C<0

i.e. for a positive value of c, the pulse width decreases initially and becomes minimum at a
distance zmin [5]. Thus, B,C < 0 leads to pulse compression for z < zyi, and pulse

broadening for z > zn,;. Table 3.1 discusses all such cases considered for the analysis.

Table 3.1: Variation of pulse shape while propagation for different chirp for duty cycle of 33.33%,
50% and 66.67 % [175].

Duty Cycle To(ps) Lp(Km) | Chirp (C) Zmin (Km) Pulse Shape
33.33% 8.33 272.02 -1.0 NA M.B
05 NA M.B
0 NA M.B
0.5 108.81 CB
1.0 136.01 CB
50% 125 612.53 -1.0 NA M.B
05 NA M.B
0 NA M.B
0.5 245.01 cB
10 306.26 cB
66.67% 16.67 1089.38 -1.0 NA M.B
-0.5 NA M.B
0 NA M.B
0.5 435.75 cB
1.0 544.69 cB

NA: Not Applicable, M.B: Monotonically broadening, C.B: Compressed till Zmin & then broaden
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From Table 3.1 it can be observed that for chirp value of -1.0, -0.5 and 0 the pulse will
broaden monotonically whereas chirp values of 0.5 and 1.0 will make the pulses undergo
compression throughout the length of fiber L (i.e. z =50 Km) as z < zy,. The 40 Gbps link
shown in Figure 3.4 is simulated for 33.33 % duty cycle to evaluate the BER-equivalent Q
factor value of the link with the increase in input peak power for chirped sources and the

results are shown in Figure 3.5.
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Figure 3.5: Q-Factor vs. Peak Power for duty cycle of 33.33%

From the Figure 3.5 for the 33% duty cycle pulse for different source chirping, it is
observed that SPM induced nonlinearity is seen maximum for C = 1.0 and minimum for C =
-1.0. Since for the case of C = 1.0, maximum pulse compression i.e. minimum pulse width
leads to maximum intensity variation. Hence, intensity dependent nonlinear effect causes
the highest reduction in Q factor. Whereas for C = -1.0, pulse broadens monotonically
which leads to minimum intensity variation and thus minimum SPM induced effect is
observed in this case. Thus, source chirping of -1.0 makes the pulse more resistant to SPM
effect as it achieves minimum required Q factor (6) at maximum input power as compared

to other chirping values of the source. Maximum allowed input peak power providing a
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reliable communication implies a reduction in the number of amplifiers to be used in link

design.
Q Factor vs Peak Power (Gaussian Pulse of Duty Cycle 50%)
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Figure 3.6: Q-Factor vs. Peak Power for duty cycle of 50%

The similar pattern has been observed for 50% and 66.67% duty cycle with a
quantitative difference owing to differential SPM influence on pulses of different initial
width as is evident from Figure 3.6 and 3.7. It can be concluded from Figure 3.5-3.7 that the
pulse having higher initial width is less prone to SPM induced impairment while

propagating through the optical channel and when the impairment induced by the GVD is

completely neglected.

40



Q Factor vs Peak Power (Gaussian Pulse of Duty Cycle 66.67%)
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Figure 3.7: Q-Factor vs. Peak Power for duty cycle of 66.67%

After this, to investigate the influence of varying duty cycle on a given chirped source
the behavior of different duty cycle pulses is comparatively analyzed in Figure 3.8, 3.9 and
3.10. Figure 3.8 shows the effect of chirp parameter C = -1.0 on 33.33%, 50% and 66.67%.
different duty cycle pulses. It is clear from the Figure 3.8 that a pulse with 66.67% duty
cycle pulse shows maximum Q factor and maintains the better performance even for the
higher values of the input peak power as compared to other two cases. However, for very
high input power i.e. 70mw and more the SPM degrades the system performance and the Q

factor becomes independent of the initial pulse width.
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Q Factor vs Peak Power (Gaussian Pulse withC =- 1)
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Figure 3.8: Q-Factor vs. Peak Power for Chirp C =-1.0
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Figure 3.9: Q-Factor vs. Peak Power for Chirp C =0
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Q Factor vs Peak Power (Gaussian Pulse with C = 1.0)
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Figure 3.10: Q-Factor vs. Peak Power for Chirp C=1.0

It is also observed from this curve that positively chirped pulses below 50% duty cycle
degrade rapidly as compared to the unchirped case. However, this performance improves
further for the negatively chirped cases making the system less vulnerable to SPM
impairments. Figure 3.9 shows the performance of different duty cycles pulse with varying
peak power this measurement is performed without initial chirp conditions. From the results
it is observed that 66.67% duty cycle pulse shows more tolerance towards SPM effects
because of its wider spectrum compared to 33% and 50% duty cycle pulse shapes.
Similarly, Figure 3.10 shows the effect of positive chirp and the performance of all the three

duty cycle pulses.

From this analysis it is observed that 66.67% duty cycle pulse is the best performing
duty cycle among the all three compared duty cycles therefore for the further analysis only
66.67% duty pulse has been considered. As known to us for the EDFA based optical link
designs, ASE is an important parameter and needs to be addressed properly. Therefore,
section 3.4 discusses the performance of existing optical link for ASE noise limited channel

conditions along with the SPM effect.
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3.4 Combined effect of SPM and ASE induced degradation at 40Gbps

As discussed in chapter 1, in EDFA’s stimulated emission occurs at high power levels
and amplifier treats the spontaneous emission radiation as another electromagnetic field and
the spontaneous emission gets amplified described as amplified spontaneous emission

noise. This ASE noise can saturate the amplifier. The ASE noise power spectrum (P, )

over a bandwidth of Af is given by equation [69].
Pase = N, (G —Dhf Af (3.8)

Where ng, is the population inversion factor which indicates the ion conversion from one

state to another G is gain, f, is the centre frequency of the noise spectrum.

N = jy|A” A (3.9)

From the results obtained in section 3.3, it is observed that the 67% duty cycle pulse
with a negative value of chirp performs better in the presence of SPM therefore, only 67%
has to be utilized further to observe the performance of link in the presence of ASE noise
while propagating through the optical fiber. For this analysis, noise figure (NF) of 4.5dB is
included in the link along with the increase in power while maintaining all other parameters
same. The performance of the 67% duty cycle pulse in the presence of SPM and ASE noise
are presented in Figure 3.11 for different chirp parameters. From the results, it is observed
that the negative value of chirp makes pulse more robust even in the present of amplifier

noise.
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Figure 3.11: Q vs. Launched Power for different types of chirp factor under SPM and ASE noise

From the results, it can also be observed that the performance of the negatively chirped
pulse is much better than without chirped and positively chirped pulses at lower values of
input power. But as the power starts increasing further this difference starts decreasing but

still remains maintained.
3.5 Conclusion

In this chapter, firstly, the basic Gaussian pulse propagation mechanism inside an
optical fiber cable has been discussed. Thereafter, 40Gbps data link has been designed and
optimized for SPM and ASE effects. For the analysis, high speed chirped Gaussian RZ-
modulated pulse with different duty cycles have been considered. Performance
measurement is carried for positive, negative and no chirp conditions of the input pulse. The
carried analysis shows that wider pulse with the large negative chirp can withstand the SPM
and ASE effects for higher range of input peak power. From the obtained results it is rightly
to say that the negative chirp and the higher duty cycle pulse has a higher capability to
propagate to the longer distance in the presence of SPM and amplifier noise in the single

channel transmission link design.
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CHAPTER 4

Optical Link Performance Enhancement: Duobinary

Modulation Scheme

4.1 Introduction

Nonlinear impairments in conventional RZ modulation formats has been studied in
chapter 3. Although RZ modulation formats are easy to implement but have low spectral
efficiency. Researchers are continuously exploring more advanced and bandwidth efficient
modulation formats to design the data rate transmission links. Duobinary modulation is one
of such format and is based on the partial response signaling. In Duobinary modulation
scheme, IS1 is intentionally introduced during encoding the data and this is removed during
the decoding process. This approach gives a better tolerance to various linear and nonlinear

effects due to the narrow spectrum offered in duobinary encoding [135-137].

Although duobinary was first proposed by A. Lender in 1960s, but has not been used
effectively by that time and later it was overcome by the multilevel modulation schemes, as
they could provide better spectral efficiency [176,177]. However, duobinary modulation
was used for optical transmission in the 90s when X. Gu. et al [178,179] proposed the three
level amplitude modulation but this strategy could not become popular solution due to the
poor sensitivity of the used receiver. Literature review reveals that out of various possible
implementations of duobinary transmitters, Mach-Zehnder Modulator (MZM) in a push-pull
configuration based transmitter design with a suitable electrical filter is a superior choice in

the presence of non-linear impairments of the channel [180,181].

In this chapter, duobinary transmitter design for a 40Gbps data rate is presented in
section 4.2. This section also provides the bandwidth optimization of the electrical low-pass
filter (LPF) and optical band-pass filter suitable for the duobinary pulse shape in an ASE
noise limited system. Section 4.3 presents the complete duobinary optical link model design
using OptSim™ platform and its performance analysis for various channel impairments at

40Gbps data rate. Section 4.4 summarizes the important findings of the chapter.
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4.2 Duobinary transmitter design

As discussed in chapter 2, data modulation in optical is achieved using two types of
modulators i.e. optical phase modulators and optical intensity modulators. An EOPM uses
one electrode. When a driving voltage is applied to the electrode, the refractive index of the
electro-optic waveguide changes accordingly, thus slowing down the light wave and hence
inducing a delay on the optical signal. The induced delay corresponds to the phase change.
Thus an EOPM is able to manipulate the phase of the light carrier. The induced phase
change by an EOPM in lightwave carrier for an applied bias voltage Vv, is expressed as:

q)(t) _ 72-(\/ (t\)/+ Vbias) (41)

T

where, V_ is the driving voltage required to create a = phase shift, V(t) is a time-varying

driving signal voltage. Optical field E,(t)at the output of the EOPM is given as:
E, (t) = E, (t)elr® (4.2)

Equation (4.2) shows that the output electrical field is the contribution of the input electrical
field with the additional phase term. Optical intensity modulator uses two EOPMs in a
parallel structure to form a Mach-Zehnder interferometer, commonly known as Mach-
Zehnder intensity modulator (MZIM) [69]. Input optical signal splits equally in the two
arms of the MZIM which are actually EOPMs for modulating the phase of the optical
carrier. At the output, the two arms are coupled either constructively or destructively to

provide intensity modulated optical pulses.

MZM are of two types: single-arm MZM and dual-arm MZM. Figure 4.1 shows the block
diagram of single-arm MZM. As shown in the figure, only one single driving voltage is
applied to the either arm of MZM to obtain the phase modulation of the input optical pulse.
The main problem with single-arm MZM configuration is the chirped output signal. This

makes them not suitable for long distance optical transmission systems [69].
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Figure 4.1: Single-arm MZM

Figure 4.2 shows the dual-arm MZM in a push-pull arrangement where the dual drive
voltages Vi and V, are inverse to each other and thus, able to completely eliminate the

chirping effect in the modulation.
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Figure 4.2: Dual-arm MZM

The use of optical duobinary transmitter with the dual-arm MZM is the usual choice in
transmitter design at high data rate. However, dual arm configuration demands more
stringent requirement of symmetry to be met in both the arms [182]. To get the optimum
performance, in the present chapter duobinary transmitter is designed using dual arm MZM
configuration. The block level architecture of the proposed design is shown in Figure 4.3.
Optsim™ platform has been used to simulate the system performance and measured in terms
of BER-equivalent Q-factor. This transmitter design consists of a pseudo-random binary
sequence generator, non-return-to-zero or return-to-zero modulation driver, electrical low
pass Bessel filters, logical not gate, dual arm MZM and a laser source. The data source

generating pseudo-random sequences at 40 Gbps feeds two modulation drivers, one directly
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and the other through a not gate. These two electrical signals are then passed through an
optimized LPF of order 4. The laser source has been chosen to emit continuous wave (CW)
at a center frequency of 193.414THz with FWHM (Av) of 10 MHz. The two filtered
electrical signals and carrier optical signal from CW laser is fed to the dual arm MZM to
achieve duobinary optical modulation. The transmitter thus produces 40 Gbps duobinary
optical pulses which can be either NRZ duobinary or RZ-duobinary based on the type of

modulation driver.
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Figure 4.3: Duobinary transmitter module with Dual-arm MZM

After the transmitter design section 4.2.1 discusses the pulse shape optimization strategy to
evaluate an optimum bandwidth for electrical LPF at the transmitter and an optical BPF at

the receiver end.
4.2.1 Duobinary pulse shape optimization

An important consideration in optimizing the performance of a duobinary transmission
is to investigate the optimum pulse shape. This can be achieved by deploying an electrical
LPF at the transmitter end and an optical BPF at the receiver end. ASE noise is one of the
important limiting factors in the design of the high speed optical system, therefore, needs
proper addressing. As stated in the literature [183,184], to achieve optimal receiver

performance in an ASE-noise-limited system, an optical duobinary system must employ a
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matched optical filter in front of the photo-detector. The optimum duobinary pulse shape at

input to the photo-detector should mathematically be represented as:

sin(z 1)

y(t) =— bt (4.3)
T—@0-=)
Tb Tb

where, T, = 1/B is bit period and B is the bit rate

It is observed from the duobinary matched optical filter transfer function that the full-
width at half-maximum (FWHM) bandwidth of the duobinary matched optical filter is
~0.67B. Theoretical ideal duobinary generating LPF transfer function shows that the
optimum LPF bandwidth used in WDM systems with wide optical filters must be around
0.28B. As per the literature [183], for a duoninary matched filter at receiver end, the
generating LPF can have even a wider bandwidth around ~ 0.42B. Therefore it is observed
that the expected range of LPF bandwidth lies between 0.28B and 0.42B. It may be noted
that wider bandwidth of LPF at the transmitter demands narrower bandwidth optical
matched filter at the receiver. This theory of filter optimization is well applicable for NRZ
duobinary pulses [185]. A closer look at the NRZ and RZ-duobinary spectrum as shown in
Figure 4.4 shows that the RZ-duobinary spectrum has a central lobe accompanied by side-
lobes in contrast with a single-lobe spectrum for NRZ duobinary case. The presence of
spectral sidelobes in RZ-duobinary does not allow obtaining an optimum pulse shape and
matched filter for this case.
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Figure 4.4: Spectrum of NRZ and RZ duobinary [183]

Thus better approximation for the optimum performance of RZ-duobinary can be achieved
by filtering out these sidelobes. Now, conversion of the RZ-duobinary spectrum into an
equivalent single-lobe spectrum matched with NRZ spectrum allows considering the
optimum LPF in the similar fashion to that of NRZ case. Section 4.2.2 discusses the setup

and the procedure used to shape the RZ and NRZ pulses.
4.2.2 Procedure for pulse shaping at 40Gbps

Figure 4.5 shows the setup used to select the LPF and optical filter (of order 4)
bandwidth that optimizes the performance of the duobinary transmission link under
limitations imposed by ASE noise. In this simulation model, optical spectrum analyzer
(OSA) with a resolution bandwidth of 0.1nm to express the OSNR readings measured with
respect to 0.1 nm noise bandwidth has been used. OSNR of 20dB/0.1nm is maintained by

appropriate tuning of the variable optical attenuator (VOA).
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Figure 4.5: Simulation Setup for 40 Gbps RZ and NRZ duobinary transmission

Other parameters used in the analysis are 10 Km single mode fiber (SMF) with an
attenuation (o) of 0.2 dB/km, dispersion (D) of 17 ps/km-nm and dispersion slope(S) of
0.07 ps/nm¥Km at 1550nm, nonlinear refractive index(ny) of 2.5 x 10°°m*W and core
effective area of the fiber (Aefr) of 80 um? . The MZIM has an offset voltage of 0.5V with
20dB extinction ratio providing 3dB average power reduction due to modulation. Direct
detection method has been used at the receiver and utilizes the PIN photo-detector with the
quantum efficiency of 0.63992, the responsivity of 0.8 A/W and dark current of 0.1nA. The
RZ- or NRZ-duobinary optical signal from the duobinary transmitter is fed into VOA1 that
controls the launch power into the SMF segment. VOA2 is used to set the input optical
power into an erbium-doped fiber amplifier (EDFA). An OSA is been used to monitor the
optical signal-to-noise ratio (OSNR) at the output of the EDFA. Using this setup electrical
filter optimization and optical filter optimization at 40Gbps has been discussed in section

4.2.3 and 4.2.4 respectively.
4.2.3 Electrical filter optimization at 40Gbps

In duobinary modulation, filter limit depends critically on the pulse shape. This feature
of duobinary makes it different from other modulation formats. A significant benefit from
the duobinary pulse shaping has been reported [183] were narrow band optical filters have
been used at the either end of the transmission link. Therefore, to verify this concept for
40Gbps systems a relatively wide optical filter of bandwidth 156 GHz and a narrow optical
filter having 28 GHz bandwidths have been used in this analysis. Performances of NRZ
duobinary (NRZ Duob) and RZ-duobinary (RZ Duob) are measured in terms of BER-
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equivalent Q-factor for the varying LPF bandwidth as shown in Figure 4.6. It has been
observed from these plots that with narrower optical filter better system performance can be

achieved for both RZ- and NRZ duobinary transmission.
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Figure 4.6: BER-equivalent Q-factor vs. LPF bandwidth with the optical filter bandwidth at 28 and
156 GHz for RZ- and NRZ-duobinary

Also in such ASE noise-loaded system NRZ duobinary outperforms RZ-duobinary by a
significant margin when a narrow optical filter is employed as compared to a wider optical
filter. From the obtained results, optimum LPF bandwidth for both RZ- and NRZ duobinary,
which is obtained by deploying a nearly matched optical filter is approximately 14.4 GHz
(i.e. 0.36B) and 16 GHz (i.e. 0.4B) respectively. The LPF bandwidths obtained here agree
with the theoretical limits of 0.28 B < Af < 0.42 B. To obtain an optimum optical filter
bandwidth, LPF bandwidth has been fixed at 14.4 GHz (0.36 B) and rest varying the optical
filter bandwidth as discussed in section 4.2.4.

4.2.4 Optical filter optimization at 40Gbps

For the optical filter optimization, the performance of the system is measured in terms
of BER-equivalent Q-factor versus receiver optical filter bandwidth and the same is plotted

in Figure 4.7.
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Figure 4.7: Optical filter bandwidth optimization for RZ- and NRZ duobinary systems

Here, along with keeping the RZ- and NRZ- duobinary LPF bandwidths at 14.4 GHz,
OSNR is maintained at 20 dB with a noise bandwidth of 0.1nm by tuning VOAZ. It can be
interpreted from Figure 4.7 that both RZ- and NRZ duobinary pulses obtain their optimum
ASE-noise-limited performance at the same value of optical filter bandwidth i.e. 28 GHz
which is ~0.7B and is quite close to the FWHM bandwidth of ~0.67B as reported in the
literature. The same value of optimum optical bandwidth is owing to the fact that the RZ-
duobinary pulse spectrum is actually been converted into an equivalent NRZ-duobinary
spectrum by the ultranarrow optical filtering process. This result proves the superiority of
NRZ over RZ pulse shape for duobinary systems when the link performance is limited by
ASE noise.

From this analysis it is clear that the optimum LPF bandwidth should be 14.4 GHz
(0.36B) and 16GHz (0.4B) for RZ- and NRZ duobinary pulse shapes at 40Gbps respectively
whereas, optimum optical filter for both duobinary pulse shapes should have 28GHz (0.7B)
bandwidth for optimum performance in an ASE-noise limited system.

After obtaining the optimum bandwidths for both the filters in an ASE noise limited system

the analysis has been further extended to observe the effect of dispersion for NRZ- and RZ-
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duobinary on receiver sensitivity. For this, performance is measured for varying SMF
distance while maintaining the fixed OSNR value of 20 dB/0.1 nm and results are reported
in Figure 4.8. For the analysis 10km SMF is used and in order to avoid nonlinear
impairments in the simulation, the launch power into the SMF segment has been reduced to
a relatively low value of ~ -5 dBm using VOAL (Figure 4.5). It is observed from the results
of Figure 4.8 that the optimum NRZ duobinary system achieves receiver sensitivity of ~ -
31.6 dBm (for BER of 107°), till 4 Km of SMF transmission which is better in comparison
to the RZ-duobinary system. RZ-duobinary pulse suffers ~ 0.8 dB penalty in receiver

sensitivity when compared with NRZ duobinary pulse, subjected to dispersion induced

impairments.
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Figure 4.8: Receiver sensitivity of RZ- and NRZ duobinary pulses for varying SMF segment length

Therefore, it can be rightly said that NRZ duobinary shows better receiver sensitivity
than RZ-duobinary and the superiority of NRZ- over RZ-duobinary increases with the
increase in dispersive effects in longer fiber sections. OSNR is an important design
parameter in optical link designs and therefore all the above analysis has been done at fixed
OSNR value of 20dB/0.1nm. To better observe the effect of OSNR on the performance of
duobinary link design the duobinary optical link has been designed by utilizing the
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optimized parameters and then analyzed for GVD and SPM induced impairments for two
different OSNR values in section 4.3.

4.3 Duobinary optical link design at 40Gbps

The bane of increasing the transmission capacity of the single channel optical link is
GVD and SPM. Therefore, proposed transmission link is designed and analyzed for GVD
and SPM effects for two different cases first, when either of the ones is present at a time in

the link and second, when both of them are present at a same at fixed OSNR conditions.

Starting with the dispersion analysis, the setup is illustrated in Figure 4.9. In this model
duobinary transmitter section is same, as discussed in section 4.2.2. Other parameters used
in the design are as follows: 10 Km single mode fiber (SMF) with an attenuation (o)) of 0.2
dB/km, dispersion (D) of 17 ps’/km-nm and dispersion slope (S) of 0.07 ps/nm*Km at
1550nm, nonlinear refractive index (n,) of 2.5 x 10°°m?*W and core effective area of the
fiber (Aerr) as 80 um?. The MZM has an offset voltage of 0.5V with 20dB extinction ratio
providing 3dB average power reduction due to modulation. PIN photodetector has a
quantum efficiency of 0.63992, the responsivity of 0.8 A/W and dark current of 0.1nA.
Optical spectrum analyzer with a resolution bandwidth of 0.1nm to express the OSNR
readings with respect to 0.1nm noise bandwidth is used. OSNR is maintained by appropriate
tuning of the variable optical attenuators.
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Figure 4.9: Simulation layout of 40 Gbps duobinary transmission
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Simulation setup used for the SPM analysis is as shown in Figure 4.10. A comparative
study has been carried out for DB-NRZ and DB-RZ to figure out which modulation scheme
has better tolerance to SPM. The setup uses similar components as used in Figure 4.9 except
the fiber link. To study SPM effect, two spans of the identical optical channel made of
dispersion compensating fiber (DCF) followed by single mode fiber (SMF) has been used to
neglect the GVD induced effect. DCF segment used in each span for compensating GVD is
of 1.202 Km length with o = 0.6 dB/km, D = -63.65 ps/km-nm and S = 0.07 ps/nm?/Km at
1550nm, n, = 3.8 x 10 m%W and A = 19.4 pm?. SMF segment of 4.5 Km length with
attenuation a = 0.2dB/km, D = 17 ps/km-nm and S = 0.07 pS/an/Km at 1550nm, np, = 3 x
10 m?/W and At = 60.805 um?. LPF and optical filter bandwidths are maintained at their
optimized value in both GVD and SPM analysis models.

After the complete duobinary link design for the 40Gbps data rate, section 4.3.1, 4.3.2 and
4.3.3 presents the GVD, SPM, and GVD along with SPM induced impairments on the

performance of the transmitted pulses respectively.
4.3.1 GVD induced degradation

To analyze the degradations induced by GVD, degradation owing to nonlinear effects
was managed to be negligible by ensuring low value of the power (~ -5 dBm) launched into
SMF by tuning VOA 1 (Figure 4.9) and important findings are plotted in Figure 4.11 for
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DB-NRZ and DB-RZ pulse shapes for both OSNR conditions. It is observed from these
results that DB-NRZ encoded optical data shows better tolerance to GVD induced
degradation as compared to DB-RZ at 40 Gbps data rate. Similar qualitative behavior is
seen for both OSNR values i.e. 15/0.1nm and 20dB/0.1nm.
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Figure 4.11: Dispersion limited BER-equivalent Q-factor for different OSNRs in RZ and NRZ

duobinary system

As DB-RZ format has a wider spectrum with side lobes as compared to the DB-NRZ
format. The high-frequency components present in the DB-RZ spectral sidelobes may
penetrate into the optical filter bandwidth, which results in a higher BER, i.e. a lower
equivalent Q value as compared with DB-NRZ. It is inferred that the GVD-induced power
penalty influences the NRZ format significantly and brings its Q value close to the RZ case
beyond 20km of length. These curves reveal a sharper deterioration of the Q value with

propagation length due to the cumulative delay introduced by the fiber dispersion.
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4.3.2 SPM induced degradation

To investigate SPM-induced nonlinear effects a typical launch power of 10mW has
been considered. OSNR is maintained constant with the help of VOA3 (Figure 4.10). The
SPM-induced impairments are more prominent at higher launch power; hence, to observe
the link performance at the extreme case, 100mW launched power has considered. SPM-
induced signal degradation and its influence over the BER-equivalent Q-factor of the
system have been estimated with respect to optical bandwidth and shown in Figure 4.12 and
Figure 4.13 for 20dB/0.1/nm and 15dB/0.1nm OSNR values respectively. The spectral side
lobes present in the optical spectrum may be affected by SPM-induced nonlinearities. The
SPM effect induces broadening in the signal spectrum which tends to make the side lobes
broader. Thus, aliasing of high-frequency components from the sidelobes into the main
spectral lobe produces severe degradation in the performance. Since higher optical filter
bandwidth allows more side lobes to be aliased with the main spectrum and significant
degradation can be noticed. The same procedure has been followed to compare the effect of
SPM on DB-RZ and DB-NRZ pulses.
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Figure 4.12: SPM effect on RZ and NRZ duobinary at 20dB/0.1nm
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It can be interpreted from Figure 4.12 that at a launch power of 10mW DB-RZ
underperforms DB-NRZ. The severe degradation for DB-RZ is due to the fact that the DB-
RZ spectrum has wider side lobes as compared to DB-NRZ. It is observed that a 100mW
curve shows a lower Q-factor as compared to the 10mW case, owing to greater deterioration
of performance due to significant SPM-induced impairment at the higher power level. This
also shows a higher optical bandwidth requirement for the optimum performance at the
higher launch power level, because SPM-induced chirping broadens the spectrum since it
adds high-frequency components to the side lobes and hence requires a larger bandwidth to
maintain the performance. It is also noted that SPM-induced impairments deteriorate the
DB-NRZ performance rapidly for 100mW launch power and after a crossover bandwidth it
starts underperforming DB-RZ. This may be attributed to a larger energy in the case of DB-
NRZ, which triggers severe deterioration due to SPM.

Figure 4.13 presents the limitations to system performance when the OSNR of the same
system deteriorates to 15 dB/0.1 nm. A similar qualitative behavior can be observed in this
case but with a quantitative difference in the Q value owing to degraded OSNR. It can be
observed that DB-RZ outperforms DB-NRZ for both power levels after a crossover
bandwidth. This is in contrast to the fact seen in Figure 4.12 where only at a higher power
level DB-NRZ underperforms DB-RZ. At higher power level, the reduction observed in the
value of the crossover bandwidth for the lower OSNR (Figure 4.13) in comparison to that
seen in the case of the higher OSNR (Figure 4.12) can be interpreted as a fact that for lower
OSNR, sidelobes contain less power; hence degradation due to side lobe aliasing in DB-RZ

can be overcome at a lower optical bandwidth.
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Figure 4.13: SPM Effect on RZ and NRZ Duobinary at 15dB/0.1nm

It can be inferred from Figures 4.12 and 4.13 that the crossover bandwidth at which DB-
NRZ ceases to outperform DB-RZ depends on upon the system OSNR value. At lower
OSNR, side lobes contain less power causing less degradation owing to side lobe aliasing
for DB-RZ and hence require a lower crossover bandwidth as observed ~42GHz for 15
dB/0.1nm OSNR compared to ~48GHz for 20 dB/0.1 nm. It is vivid from the comparison
that for 20 dB/ 0.1nm OSNR, DB-NRZ offers superior performance as compared to DB-RZ
when an optical duobinary signal is launched into the fiber at 10mW power. For the 15
dB/0.1nm OSNR, DB-NRZ starts underperforming DB-RZ after a crossover bandwidth
(~70 GHz) of the optical filter is reached.

After observing the link performance individually for GVD and SPM, section 4.3.3
consider a more realistic scenario where performance analysis has been done for the case
when degradation induced due to the combined effect of GVD and SPM in an optical
channel at OSNR value of 20dB/0.1nm.
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4.3.3 Combined effect of GVD and SPM induced degradation

The simulation setup shown in Figure 4.9 has been used for this purpose. The setup
remains the same as used for the case of GVD-induced degradation except for the fact that
here a source power of 5SmW has been considered to include the SPM effect. The length of

the SMF has been varied and the corresponding results are plotted in Figure 4.14.
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Figure 4.14: Study of combined effect of GVD and SPM on DB-RZ and DB- NRZ

It is observed from the plot that in a realistic model, where GVD and SPM both are
degrading the performance, DB-NRZ offers better tolerance to these degradations as

compared to DB-RZ pulses at a constant value of OSNR.

4.4 Conclusion

In this chapter, duobinary transmission at 40 Gbps data rate has been discussed. Link
design starts with the proper selection of dual arm based MZM transmitter section. For the
optimum transmission, the spectrum of RZ and NRZ pulses has been analyzed and modified
with the use of suitable filters in ASE noise limited conditions. Results show that optimum
LPF bandwidth is 0.36 of bit rate i.e. 14.4GHz and 0.4 of bit rate i.e. 16GHZ for RZ and
NRZ duobinary pulse shapes respectively at 40Gbps. Optical filter bandwidth for both
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duobinary pulse shapes should be 0.7 of bit rate i.e. at 28GHz. These optimized filters have
been utilized for the design and analysis of link performance under constant OSNR
conditions to investigate the limitations of GVD and SPM induced effects, individually and
combined. From the obtained results it has been observed that for the higher OSNR
performance of DB-NRZ is superior to the DB-RZ. However, for a lower OSNR value, a
crossover optical filter bandwidth has been observed beyond which DB-RZ outperforms
DB-NRZ pulse shapes.
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CHAPTER 5

Optical Transmission Link Design: Multilevel

Modulation Techniques

5.1 Introduction

Phase modulation formats such as differential phase shift keying (DPSK) and
differential quadrature phase shift keying (DQPSK) are quite attractive and popular in the
design of high-speed optical communication link. Both these formats are extensively
studied because of their resilience to linear and nonlinear impairments [141-146]. In these
modulation schemes information bits are encoded using the phase differences between two
successive symbols rather than absolute phase, thus non-coherent detection is possible. In
DPSK modulation, the symbol can take two different values of phase i.e. 0 and & between
adjacent symbols. However, in DQPSK, information is encoded in both the quadrature
components of the optical carrier and can take values as 0, +n/2, -n/2, ©. DQPSK is true
multi-level modulation format and is a promising technique to enhance the information
carrying capacity of the channel [174]. This scheme also provides improved chromatic
dispersion, PMD tolerance, and resilience to fiber nonlinearities in practical optical
transmission links. One of the main advantages of DQPSK modulated transmission is that
the intensity of the coded signals remains constant in time, except on the level of transition
from one phase to another. All these features of DQPSK make it suitable for the high speed
next-generation data transmission systems [153-155]. The exponential increase of the bit
rate demand on geographical scales from the home network to worldwide multi-vendor
business networks has resulted in deploying multichannel optical networks based on multi-
protocol wavelength-division-multiplexing (WDM) technology [186].

The next generation long haul optical network will support 100G optical transport
network with a defined Optical Transport Unit (OUT)-4 specification of the bit rate of
112Gbps per channel. It has been reported in the literature that polarization division
multiplexing (PDM) of quadrature phase shift keying (QPSK) is one of the promising and
emerging solutions for the implementation of WDM system for 100G network [187,188].

Consequently, dense wavelength-division-multiplexing (DWDM) systems working with
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denser channel spacing of 50 GHz compared with the conventional WDM channel spacing
of 100 GHz are becoming a prime area of interest in modern optical communication
research [150-152].

However, the data transport capacity of a DWDM links is more severely limited by
linear and nonlinear impairments compared to their single-channel counterparts. These
impairments can be arises due to intrachannel and interchannel crosstalk. Intrachannel
effects such as GVD and SPM whereas four-wave mixing (FWM) and cross phase
modulation (XPM) are dominant in multichannel configuration [15,189].

This chapter presents the transmission link analysis firstly with DQPSK modulation
format and secondly with dual polarization format of DQPSK i.e. DP-DQPSK in a single
and multichannel configurations respectively. Appropriate pulse shape has been selected
and used with these modulation formats based on the detailed literature survey. The rest of
the chapter is organized as follow: Section 5.2 provides the RZ-DQPSK link design and the
ASE noise analysis with three different commercially available single mode fiber types. To
provide the proper comparison among these three single mode fibers, the presented analysis
is carried out at 10 Gbps and 40 Gbps data rate. Section 5.3 provides the transmission link
design using DP-DQPSK modulation format in a 9 channel DWDM configuration. The
proposed DWDM transmitter has been designed for symbol aligned and symbol interleaved
formats. Section 5.4 provides the performance analysis of the designed link for linear and
nonlinear effects. Section 5.5 summarizes the important findings of the chapter.

5.2 RZ-DQPSK transmission link design

Both NRZ and RZ line-coding are possible with DQPSK modulation and can be used
for the transmission of input data. Since the RZ coding is less susceptible to the nonlinear
effects thus, is a more popular coding technique in long distance optical transmission [75].
As discussed in chapter 2, DQPSK is a phase modulation format and for detection
modulated signal first converted from phase to amplitude before applying to the
photodiodes.

Proposed simulation setup for RZ-DQPSK modulated optical signal transmission is
shown in Figure 5.1. The link parameters are specifically designed to investigate the ASE-
noise performance at 10Gbps data rate. In the given model DQPSK precoder encodes the
data signals from PRBS sources (P) and (Q) to the phase difference of the carrier. Precoder

is an essential block in DQPSK transmitter, which prevents the error transmission it ensures
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that the received signals are properly matched to the transmitted one. RZ driver 1 and 2
convert the input logical data signal into an electrical signal and these electrical signals pass
through LPF (P) and LPF (Q) with a center frequency of 15GHz for further processing.
DQPSK modulator receives the electrical input data signal from LPF (P) and LPF (Q) and
provides the modulated optical signal for further transmission. An elaborate view of
DQPSK modulator is shown in Figure 5.2 (a). Incoming in-phase and quadrature
components of electrical data signals denoted as V_inphase and V_quadrature pass to the
MZM_P and MZM-Q and the third MZM which work as a phase modulator is used to
generate the RZ pulse shaped DQPSK (RZ-DQPSK) modulated the optical signal. Laser
source which provides the optical signal to the modulator is having the linewidth of 10MHz

and center frequency of 194 THz.

RZDriver-1 |5 LPF(P) CW laser BER
Estimator
3
PRBS fP) Y Y
L] porsk J| DQPSK ——
Precoder »| Modulator EDFA —» detector
PRES (Q) f ! f
: Phase shift |
RZ Driver-2 || LPF(Q) bias EDFA |,/ SMF L DCF
Figure 5.1: Simulation setup for RZ-DQPSK modulation transmission
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Figure 5.2(a): Inside view of DQPSK modulator [75]
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Modulated optical signal is transmitted through the optical fiber loop. This fiber loop
consist of an erbium-doped fiber amplifier (EDFA), single mode fiber (SMF) followed by
dispersion compensation fiber (DCF). DCF is used to compensate the fiber dispersion along
the length of the fiber. EDFA have the maximum gain of 30dB with the ASE noise of 4.5dB
whereas power level in the link has maintained very low (-10dBm) to avoid nonlinear
effects. Thus ASE noise is the most dominating factor for the degradation of the

performance of this system.

In the literature, balanced detection scheme has been extensively studied and preferred
for the demodulation of DQPSK signal [75, 121,122]. In this chapter, as well balanced
detectors are used to demodulate the DQPSK modulated information. Balance detector
consists of two photodiodes followed by an interferometer. Expanded version of
demodulator subsection is as shown in Figure 5.2 (b). This is basically an incoherent
differential detection scheme where one-bit delay line is used for the comparison of the
phases of the carrier of the two consecutive bits. Delay interferometer configuration is used
to retrieve both in-phase and quadrature phase outputs. From Figure 5.2 (b) it can observe
that the filtered signal is applied to the asymmetric Mach-Zehnder (AMZ) interferometer
and these two outputs of AMZ are applied to a balanced photodetector. Each arm of
detector contains a phase shift of £ pi/4 and delay corresponding to twice the bit duration
which corresponds to in-phase (P) and quadrature components (Q). The outputs are then
passed through the LPF with cut off bandwidth of 15GHz to recover the required electrical

information signal.
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Figure 5.2(b): DQPSK Balanced detector configuration at the receiver [75]

After the transmission link design, section 5.2.1 provides the ASE noise analysis at
10Gbps data rate. For the comparative performance evaluation among different single mode
fibers three different commercially available single mode fiber types are utilized.
Transmission performance of these fibers is optimized with varying duty cycles in an ASE
noise limited channel conditions. The aim of this analysis is to find the optimum fiber types
for ASE dominated link which not only increases the performance of the link but also
provides the economical solutions to the designers. Section 5.2.2 presents the 40Gbps data

rate analysis.
5.2.1 Optimum duty cycle analysis with different fibers at 10Gbps

To observe the performance of smaller and wider pulse widths present simulative has
been carried out for different duty cycle pulses with three different single mode fibers. For
the same, duty cycles varying from 40% to 90% are considered for the analysis. Single
mode fiber types used for the analysis are Standard Single Mode Fiber (SSMF), True Wave-
Reduced Slope Fiber (TW-RS) and the Large Effective Area Fiber (LEAF). Specifications
of these fibers are given in Table 5.1. During the analysis transmitter and receiver section
remains same as discussed in section 5.2 with the channel corresponds to the used fiber type
as mentioned in Table 5.1. Therefore, the first setup is design using an SSMF with an

attenuation of 0.22dB/km and other corresponding parameters as mentioned in the table
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along with an appropriate DCF (DCFssyve) with an attenuation of 0.55dB/km with all other

specification as per the Table 5.1.

Table 5.1: Physical parameters of the fibers used for the analysis [190]

Fiber Disp. Disp. Slope Nofnl_inoelzar Effective Len_gthl for
Fiber Type | Attenuation | (ps/nm/km) | (ps/nm?/km) | '€ 'Z'/r\‘NeX corearea | Slngke
(dB/Km) | @1550nm | @1550nm | (M7W) (um?) pan (km)
SSMF 0.22 17 0.016 3 80 25
DCFssme 0.55 -80 -0.076 2.5 20 531
TW-RS 0.2 4.5 0.045 2.5 55 25
DCFrw-rs 0.55 -80 -0.8 2.5 20 1.40
LEAF 0.2 4 0.1 2.5 72 25
DCFear 0.55 -80 -2 2.5 20 1.25

Similarly, the analysis has been expanded with the other mentioned fibers with their
corresponding DCF fibers to evaluate the optimum duty cycles in an ASE-limited channel
condition. Link performance has been measured in terms of BER-equivalent Q-factor (Q-
factor) for the varying OSNR values illustrated in Figures 5.3, 5.5 and 5.5 for SSMF, TW-
RS, and LEAF- based optical links respectively. Figure.5.3 shows the performance of RZ-
DQPSK system with the standard single mode fiber (SSMF) followed by DCF ssme. It has
been observed from the obtained results that the performance of 40% duty cycle pulse is
largely influenced by the accumulated ASE noise in the channel, and not much

improvement is observed even for the OSNR value of as high as 25dB.
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Figure 5.3: SSMF type single mode fiber followed by DCF s for different duty cycle

Curves also reveal that the performance starts improving for higher duty cycle pulses
i.e. from 50% to 80%, and a higher value of Q-factor can be obtained even at lower OSNR
conditions. Another important finding visible from the graph is that the performance for the
90% duty cycle pulse again degrades. Therefore, it can be wisely said that the link

performance cannot be improved simply by increasing the duty cycle of the input pulse.

Similar qualitative behavior can be observed with TW-RS and LEAF fiber channels as

shown in Figure 5.4 and 5.5 respectively.
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Q Factor (dB) vs OSNR (dB): TW-RS LINK
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Figure 5.4: TW-RS type single mode fiber followed by DCF ty.rs for different duty cycles

Q Factor (dB) vs OSNR (dB): LEAF LINK
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Figure 5.5: LEAF type single mode fiber followed by DCF | g4 for different duty cycles
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These results clearly show that the duty cycles lower than 50% and higher than 90% are
not a good choices to get the optimum performance. It has also been observed that the
performance of 70% and 80 % pulses is almost identical and both are showing an almost
similar pattern for three fiber types. Therefore, to identify the cause of performance
deterioration at 90% pulse whereas higher Q-factor for 70% and 80% pulses, an optical

power spectrum of these three duty cycles is plotted and shown in Figure 5.6.
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Figure 5.6: Comparison of spectrum of RZ-DQPSK signals having 70%, 80% and 90% duty cycle

From these power spectrum curves, it has been observed that the 70% duty cycle pulse
has the widest main lobe and comparatively smaller side lobes. However, 80% and 90%
pulses have very identical and close lying main lobes but the distribution of side lobes in
both cases is different. It can also be noted with a closer look into the spectrums that 90%
pulse has higher side lobes and hence more power inside lobes as compared to 80% and

70% duty cycle pulses, which cause SNR and performance degradation.

After the duty cycle optimization, in section 5.2.2 this optimized duty cycle is used in all
three fibers to observe the performance of different fiber types for the long-haul, dispersion

compensating optical transmission.
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5.2.2 RZ-DQPSK transmission link for long haul applications

For the design of long haul RZ-DQPSK transmission link involves multiple identical
spans ranging from 10 to 100 loops with each loop consisting of specific single mode fiber
and an optimum length of DCF fiber to compensate the dispersion effect. The link analysis
has been done with the optimum duty cycle of 80% and fixed OSNR value of 20dB/0.1nm.
The findings of this analysis are presented in Figure.5.7. Obtained results shows that the
performance of the link using LEAF as a channel is better than the other two fiber types for
the 100 spans of the used link and this is maintained to even beyond this length. These
results justified saying that LEAF is a good candidate for the ultra long-haul lightwave link

designs.
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Figure 5.7: Performance of link for three different fibers with 80% duty cycle with different fiber
spans

From the curves, it can also be interpreted that after the LEAF the performance of the
SSMF as can be observed for up to 90 spans of fiber but after that it starts decreasing.

Similar pattern is observed for TW-RS fiber but here this deterioration is more rapid.
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Although LEAF provides the longer transmission distance but this definitely comes at
higher installation cost, as LEAF is an expensive single mode fiber compared to SSMF and
TW-RS fibers as can be seen from Table 5.2.

Table 5.2: Fibers and their commercial prices [191]

Fiber Type Manufacturer Price ($/meter)
SMF-28 Corning 0.02
LEAF Corning 0.042
TW-RS Lucent 0.032

From this performance analysis and the cost estimation for each of the fiber types it
becomes clear that if one needs to design a link for a long haul applications where cost is
not an issue than LEAF is a good choice whereas, if the link length is adequate than SSMF
is better approach with a less cost of installation. Also, this analysis is useful for the system

designers to choose the optimum duty cycle in the ASE noise limited conditions.

Since the objective of this thesis work is to increase the capacity of the link with the
economical solutions, therefore, the present analysis is further extended for 40Gbps data
rate with SSMF fiber in section 5.2.3.

5.2.3 RZ-DQPSK link analysis at 40Gbps

DQPSK modulation is popular and one of the desired modulation formats utilized to meet
the ever increasing demand of data [192-196]. This section provides the simulative analysis
of 40Gbps RZ-DQPSK modulated signal transmission in an ASE noise limited channel
conditions. The dispersion in the propagation link is fully compensated using the suitable
length of the fiber. A transmitter and receiver model remains same as discussed in section
5.2. Figure 5.8 presents the results obtained for various duty cycle pulses at the fixed value
of OSNR i.e.20dB/0.1nm.

74



2 Factor (dB) w5 OSMNR (dB): SSMF LIMK
% —w— A0% Dutycycle I I I I I '
o0 4 B 50% Dutyeyele (oo R Looooo demeeen . R -
—t— B0% Dutycycle : | | | -
18 H =& 70% Dutycycle |----- [ERRRRRRY S PR e
8- 30% Dutycycle ; :
—#— 50% Dutycycle

0
1 16 17 18 19 20 21 22 23 24 25
OSNR (dB) >

Figure 5.8: Performance of link at 40Gbps data rate

Similar qualitative behavior obtained at 40 Ghbps but a significant quantitative
difference in the Q values compared with 10Gbps data rate. Thus, at 40Gbps data rate as
well 70% and 80% are the better performing pulses and the 80% is providing the best
performance. It is also evident that the performance of all other duty cycle pulses degrades
greatly with the increase in data rate. The superiority of the 80% duty cycle pulse comes

from its spectral distribution with smaller main lobe and lesser spikes.

Design and analysis of single channel optical transmission link is a good approach to
analyze the performance of the link for various modulation formats, filter optimizations,
fiber types etc. But the implementation of single channel optical transmission is not an ideal
approach from both economical as well as from optimum bandwidth utilization point of
view. Also, there is a limit to increase the bit rate of a channel as higher data rate demand
higher bandwidth and this greater bandwidth incorporates a larger noise power presents in

the channel and thus decreases the sensitivity of the system.

Therefore, multichannel systems are required to further increase the data carrying
capacity of the optical systems. Also, it has been observed that the new evolving high-speed

optical communication systems utilize various multilevel modulation formats which reduce
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the symbol rate or baud rate and eventually enhances the system tolerance to OSNR and
nonlinear impairments. Moreover, the performance of such systems has been further
boosted using polarization multiplexed modulation schemes. As disused in chapter 2 dual
polarization modulation schemes are quite popular for future 100G applications. Along with
various coherent detection schemes. As per the literature [153-154,156] non-coherent
DQPSK modulation with RZ and CSRZ pulse shapes is a popular scheme for long haul high
data rate applications. One of the most attractive features of dual polarized formats in a
DWDM systems is the significant reduction in the required symbol rate [149]. Thus, if
DQPSK modulation is used for 100G transmission then the required symbol rate would be
56Gbaud whereas for DP-DQPSK the symbol rate needed is 28Gbaud. Lower symbol rate
gives better tolerance to linear and nonlinear effects and it allows the utilization of already
matured lower speed components to be utilized in the link. Also, research has shown that
NRZ and RZ pulse shape with symbol-interleaving significantly improves the system
performance in presence of cross phase modulation reducing the signal-to-average-power
ratio [197].

Therefore, the present analysis of DQPSK link transmission has been further extended
for multichannel systems with dual polarized configuration of DQPSK i.e. DP-DQPSK in
section 5.3 to further increase the data rate of the optical transmission links. Transmission
link has been designed for symbol aligned and symbol interleaved formats and optimized

for various fiber impairments.

5.3 DP-DQPSK transmission link design

OptSim™ based DP-DQPSK transmitter model is shown in Figure 5.9. This transmitter
is used to generate the NRZ and RZ pulses in symbol-aligned and symbol-interleaved
formats. Two different duty cycles of RZ pulse has been considered for the transmission i.e.
50% duty cycle RZ (RZ50) and 67% duty cycle RZ (RZ67). Lower duty cycle pulses have
not been considered for this analysis because the spectrum of those pulses is significantly
wide for the 50GHz channel spacing.
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Figure 5.9: Simulation setup for 1Tbps DWDM transmission. (a) Setup for generation of X-
polarized DQPSK transmitter comprising of NRZ-DQPSK module, Pulse Carver Module and X
Polarizer module (b) Setup for generating DP-DQPSK (c) Simulation setup for 9 channel DP-
DQPSK DWDM optical communication system

Figure 5.9 (a) shows the single channel DQPSK transmitter section which consists of |
and Q modulators driven by independent data sources (pseudo- random binary sequence
generator) with sequence length of 2'°-1 and symbol rate of 28Gbaud, DQPSK precoder,
NRZ modulator drivers, electrical Bessel low pass filters (LPF), DQPSK modulator and
bias voltage generator. CW laser is used as an optical source having a line width of 10MHz.
Pulse carving circuit which is used to generate the RZ pulse shape with different duty cycle

consists of the clock generator and linear amplitude modulator.

The generated DQPSK signal is followed by a linear polarizer with X-polarization to
generate X-polarized component. The Y-polarized component is also generated using the
similar model with a polarization rotator and polarizer to change the state of polarization
and then these two components are multiplexed using polarization multiplexer to generate
DP-DQPSK as shown in Figure 5.9 (b). In this design, delay devices in the Y-polarized arm
are used to obtain symbol-interleaved formats from the conventional symbol-aligned
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format. Bessel optical band pass filters with -3dB bandwidth of 64GHz are used as optical
multiplexing filters within WDM multiplexer shown in Figure 5.9(c), which are deployed
for removing the extra side lobes from the pulse and finally transmitting them through the
optical fiber link. For the simulation LPF of order 5 and bandwidth equals to the baud rate
have been used. This design is modeled for 9 WDM channels with channel spacing of
50GHz. The center WDM channel wavelength is 1550 nm and has been de-multiplexed
using the optical de-multiplexer filter with specifications identical to that of optical
multiplexer filter used at the transmitter side. At the receiver side, optical demultiplexing
filters, electrical LPF (specifications same as used at the transmitter side) and DPSK
receiver are used for the estimation of system performance in terms of BER-equivalent Q-

factor.

Figure 5.9(c) shows the optical communication system for 9 channels NRzZ/ RZ50/
RzZ67 DP-DQPSK (symbol-aligned/ symbol-interleaved) leading to 1Tbps DWDM
transmission. In the simulation model of optical link in Figure 5.9(c) a single mode fiber
(SMF) with attenuation (a)) of 0.2 dB/km, dispersion (D) of 16.5 ps/km-nm and dispersion
slope(S) of 0.07 ps/nm?/Km at 1550nm, nonlinear refractive index (n,) of 2.5 x 10°°m%/W,
nonlinear coefficient () = 1.3 Wkm™ and core effective area of the fiber (Aet) as 80 pm?
has been considered. The dispersion compensating fiber segment used in each span for
compensating GVD has o = 0.6 dB/km, D = -63.65 ps/km-nm and S = 0.07 ps/nm?/Km at
1550nm, ny = 3.0 x 10 m?/W, » = 5.2238 W'km™ and A = 20 um?. The bandwidth of
the optical multiplexing and demultiplexing filters are chosen after the careful analysis of

these spectrums shown in Figure 5.10.
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Figure 5.10: Optical Spectrum of NRZ, RZ50 and RZ67 pulse shapes

From the spectrum, it has been observed that the NRZ pulse have the narrower main
beam but higher side lobes as compared to RZ50 and RZ67 pulse shapes. RZ50 pulse has
the widest main lobe followed by the RZ67 pulse.

After the complete link design, section 5.4 provides the performance analysis for
various linear and nonlinear fiber impairments for two different situations first when one of
the effect is present at a time in the link and second for a more realistic situation when all

are influencing the signal transmission at the same time.
5.4 Analysis of intrachannel and interchannel effects

This section provides the performance analysis of three pulse shapes mentioned above,
For ASE, GVD, XPM, and PMD for the high-speed long haul optical transmission link.
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5.4.1 ASE noise limited system

ASE is a critical issue to take care of high-speed WDM systems. The used amplifier
noise figure (F,) depends on the gain (G) and spontaneous noise factor (ns,). General
expression for the same can be written as [26]:

Fn = 20, (G-1)/G = 2ng (5.1)

In the present analysis to consider only the ASE effect 3.5dB F, has been considered.
The dispersion effect is fully compensated using a DCF segment of length ~20.586km for
the used SMF length of ~79.414 km. Degradation owing to nonlinear effects are negligible
by ensuring a low value of launched power. The Length of the transmission link has been
considered up to 1000km (10 spans of 100km each). System performance has been
measured in terms of BER-equivalent Q-factor. In the link design EDFAs are placed after
every span of 100km thus ASE noise gets accumulated during the propagation. This
accumulated ASE effect deteriorates the SNR value at the receiver and eventually degrades

the measured BER equivalent Q value.

Tolerance to ASE Noise Induced Degradation
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Figure 5.11: ASE noise limited system performance for various pulse shapes
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Figure 5.11 reports a BER equivalent Q factor with the varying length of the fiber for
symbol aligned and interleaved cases of NRZ and RZ pulse shapes. It can be observed from
the curve that symbol- interleaved outperforms symbol- aligned format for both NRZ and
RZ pulse shapes. It is also observed that RZ50 pulse shape provides the maximum
advantage from the symbol interleaving case. The performances of symbol aligned NRZ,
RZ50, and RZ67 show a significant difference for the shorter optical link up to 400km but
they tend to follow each other for the longer length of the link and ultimately merging with
each other for the longer fiber length i.e. 1000km. The symbol interleaved case also show
the similar qualitative behavior with the quantitative difference to show a larger Q-value or
a better performance. Although, for the symbol interleaved case curves are also converse as
the distances increases but the effective distance is higher than the case of symbol aligned.
These analyses appreciate the benefit of symbol interleaving over the symbol aligned case.

5.4.2 GVD limited system

For the GVD analysis, distributed dispersion along the length of the SMF fiber has
been considered. In a distributed dispersion map a DCF segment is placed after an SMF
segment for the proper management of the accumulated dispersion. In this simulation run,
fiber dispersion of +10 ps/nm for every dispersion map period has been considered and the
same is shown in Figure 5.12. This residual dispersion-per-span (RDPS) helps to reduce the
impact of FWM and XPM for multichannel DWDM systems. Here, for the GVD induced
degradation, same simulation setup is considered as shown in Figure 5.9 except the lengths
of SMF and DCF fibers. These lengths are chosen to be ~79.53837km and 20.46163Km

respectively to maintain an RDSP of +10 ps/nm in each dispersion map.
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Figure 5.12: SMF-DCF based dispersion map with RDPS = + 10ps/nm.

ASE noise has been neglected in this simulation. Nonlinearities are kept at a minimum
level by considering a small launched power. Dispersion effect has been observed up to
1000km (10 spans of 100km each). The performance of the link has been measured in terms
of BER- equivalent Q and with respect to the fiber length and the same is plotted in Figure
5.13. From the careful analysis of the curves, it can be observed that here as well symbol-
interleaving shows more tolerance towards the accumulated dispersion when compared with
symbol aligned format. Also for the symbol aligned case RZ pulse shapes perform better
than NRZ even for the shorter fiber lengths. Among the two RZ formats, RZ50 shows the
better performance towards the accumulated dispersion in both symbol-aligned and

interleaved formats.
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Figure 5.13: GVD limited system performance for different spans of optical fiber for various pulse
shapes.

These results appreciate the benefits of symbol interleaving over symbol-aligned and can
recommend RZ50 to be an optimum pulse shape for GVD induced impairments in DWDM
transmission. This analysis helps in estimating the system performance degradation due to

the accumulation of GVD induced impairments over multiple spans of fiber.
5.4.3 XPM limited system

In DWDM systems when two or more channels are transmitted simultaneously inside
an optical fiber then because of the intensity dependence of the refractive index the cross-
phase modulation (XPM) results. To limit the nonlinear effects launched power is kept at
lower levels but as the number of channels increased in WDM systems then power has to be
increased to get the desired SNR at the receiver. XPM is an important limiting factor for
WDM systems and depends not only on the power of the channel but also on the power of

the other neighboring channels [69]. Nonlinear phase change of the j™ channel b, Nt can be

related to the power of the channel as:
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#,"" =7Leﬁ[p,- +2> pmj (5.2)

ms= j

where, y is a nonlinear parameter in W™/km and « is an attenuation in dB/km. XPM vary
with a bit to bit depending on the bit pattern of the neighboring channels and for equal
channel powers, the phase shift in the worst case where all channels simultaneously carry 1

bits and all pulses overlap is given by.
$." =(/a)(2M —DP, (5.3)

In equation (5.2) and equation (5.3) factor 2 is due to the nonlinear susceptibility and it
shows that the XPM is twice as effective as SPM for the same amount of power. Therefore,
to observe the effect of XPM induced impairments in presented DWDM model launched
power is considered from ~5mW to ~80mW. GVD is fully compensated using the SMF of
length ~ 79.414 km and DCF of length ~ 20.586km. Also for this analysis, ASE and PMD
effects are not included. Findings of this analysis are measured in terms of BER-equivalent
Q-factor corresponding to the launch power and the same are plotted in Figure 5.14. Since
XPM induces the broadening of the pulse spectrum which tends to make the side lobes
broader. These side lobes cause aliasing with the other pulses of adjacent channels and
degrade the link performance.

84



Tolerance to XPM Induced Degradation

T T T I !

| |
_ 5 -8 Aligned NRZ
R o -o— Aligned RZ50
17 : '--.,é -4 Aligned RZ67
NN g nkerieaved NRZ
: -@- Interleaved RZ50
-&- [nterleaved RZ67

15

BER-equivalent Q-Factor (dB) --->

[ T S . .................. ...............

10

Launch Power (mW) --->

Figure 5.14: XPM limited system performance for various pulse shapes

From these results, it has been observed that for the smaller launch power the
performance of the Aligned- RZ50 pulse shape is better than the other two pulse shapes. But
the performance of all the three pulse shapes deteriorates when the XPM induced nonlinear
impairments dominant with the increase of launch power. From these results, it has also
been observed that in the case of interleaved format, RZ50 outperforms RZ67 and NRZ and
their relative performance is maintained even for higher launch power levels. We can also
observe that all the three pulse shapes obtain the benefit from the symbol interleaving

format and amidst all RZ50 pulse shape acquire the maximum advantage.
5.4.4 PMD limited system

PMD-induced degradation limits the performance of the modern high-speed optical
systems. Since birefringence of the fiber is not constant but changes randomly. As a

consequence of this fact, light launched into the fiber with linear polarization quickly

85



reaches different random polarization state and results in pulse broadening. The degree of

modal birefringence is defined as:
o =((AT) )~ D2.L (5.4)

where, AT is the time delay between two polarization components during propagation of an
optical pulse and represents as:

L L

VQX ng

AT = (5.5)

L is the length of fiber, p  is the PMD parameter typically ~0.1 to 1ps/Nkm, Vgx and

Vv, are the group velocities of X and Y polarized components.

To observe the performance of the optical system under PMD induced degradation,
PMD parameter (~0.1ps/\km) and fiber birefringence in both SMF and DCF fibers has been
included. The system performance is again observed for 1000km (10 spans of 100km) and
the same is presented in Figure 5.15. From the figure, it is observed that Aligned- RZ50,
RZ67 and NRZ pulses are not able to show desired performance for longer length of the
fiber but for shorter optical link i.e. up to 400km shows a significant difference and tend to
follow each other when the system performance gets limited by PMD over longer fiber links
of up to 1000 km. It can also observe from the graph that for symbol-aligned format RZ50
offers the best tolerance to PMD induced degradation. Similar behavior is observed for all
the three pulse shapes in symbol-interleaved format.
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Figure 5.15: PMD limited system performance for various pulse shapes

After observing the individual behavior of each of these effects, present analysis has
been carried out for the more realistic situation in section 5.4.5 when all the effects are

present in the link at the same time.
5.4.5 Combined effect of ASE, GVD, XPM and PMD

For this analysis 3.5dB of noise figure in EDFA is included for the ASE effect, residual
dispersion of +10ps/nm for the GVD effect, launch power of around ~5mW to include XPM
effect and PMD parameter of ~0.1ps/\km in both SMF and DCF segment has been
considered.
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Figure 5.16: Effect of ASE, GVD, XPM and PMD on system performance for various pulse shapes

to a minimum required value of 6. Results of this analysis are reported in Figure 5.16. The
similar qualitative pattern has observed as found in previous analyses. It is clear from the
results that for symbol aligned modulation format performance of the RZ50 pulse is better
than RZ67 and NRZ pulse shapes. However, as the fiber length increases performances of
these different pulse shapes follow each other. For symbol interleaved case, RZ50
outperforms RZ67 and NRZ pulse shapes and the superiority is maintained along the fiber
link. The performance of Interleaved -NRZ is found to be inferior to -RZ67 for smaller fiber
link but becomes comparable over longer propagation distance. Thus from the results, one
can appreciate the benefits of symbol interleaving and can recommend RZ50 with symbol

interleaving to be the optimum pulse shape when the performance of the high-speed
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DWDM transmission system is limited by linear and nonlinear impairments.
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5.5 Conclusion

This chapter discusses the DQPSK modulated pulse transmission in a single channel
link with RZ pulse shape (RZ-DQPSK). The transmission of the pulse is carried out for
10Gbps and 40Gbps data rates. The performance of the link has been optimized for different
duty cycles in an ASE noise limited channel conditions. For the analysis, three different
single mode fiber types have considered named SSMF, LEAF, and TW-RS. The analysis
shows that the performance of all the fiber types is optimum at 80% duty cycle. Also, it has
been observed that LEAF and SSMF are good performing fibers for long distance optical
communication, whereas, LEAF is the best candidate for the ultra long haul link designs.
Although, the transmission link design using LEAF is a costly affair compared to the other
two fiber types. The presented analysis is useful in selecting the specific fiber type and the
optimum duty cycle as per the requirement and the available cost budget. The second part of
the chapter i.e. section 5.3 deals with further enhancement of data carrying capacity using
DP-DQPSK modulated format in a 9 channel DWDM configuration. DP-DQPSK
transmitter was designed for symbol-aligned and symbol-interleaved formats. Transmission
link analysis shows that RZ50 pulse shape outperforms the RZ67 and NRZ pulses in the
presence of various fiber impairments. However, the performance of the link has improved
for symbol interleaving compared to symbol aligned format for all the three pulses.
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CHAPTER 6

Optical Long Haul Link Design: Dispersion Map
Approach

6.1 Introduction

The current explosion of data traffic in communication networks is driven by an
unquenchable appetite for internet connectivity on a geographical scale from intra-building
to worldwide multi-vendor networks employing multiprotocol wavelength-division
multiplexing (WDM) technology [198-199]. To improve the overall capacity of the optical
systems various techniques such as the use of advanced modulation formats, different types
of fibers, dispersion and nonlinearity compensation has been explored and adopted by
system designers. Implementation of advanced modulation formats to carry more number of
bits per symbol is an attractive solution to increase the spectral efficiency, but at the cost of

higher installation charges due to the requirement of relatively complex receivers.

Although, in optical links, amplifiers compensate the losses but at the same time
increases the amount of dispersion accumulated over a transmission link and limit the
effective transmission distance. Proper implementation of dispersion management technique
such as pre-chirping, dispersion compensating fibers, optical filters etc helps to increase the
transmission distance to some extent [15]. But at the same time, implementation of
dispersion management for the long haul applications where distance is several thousands of
kilometers has been a matter of research. For the shorter distances, dispersion management
techniques mentioned above performs well since the nonlinearities do not accumulate over
lengths. But nonlinear effects dominate the transmission if the signal remains in the optical
domain over the larger link length. For the long distance links, the performance is gradually
degraded thus it becomes much more challenging to compensate the errors caused due to
these distortions. Therefore, for these applications only dispersion compensation is not
sufficient but suitable strategies are required to reduce the accumulated effect and to achieve

the optimum performance.

Implementation of periodic dispersion where two different fibers with positive and

negative GVD parameters have been used in a periodic manner such that total dispersion
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over each map period is approximately zero emerges as a key solution. In this technique of
dispersion management effective dispersion is compensated over each map period.
Variation of fiber dispersion in this combination leads towards quasi-periodic breathing
effect in pulse propagation. Dispersion management (DM) technology has evolved over past
few decades and has proved to be very effective in various lightwave applications
[200,201]. The effect of GVD in a dispersion managed links along with the fiber
nonlinearities enables a stable propagation of pulse where the transmitted pulse undergoes
periodic evolution and thus forming dispersion managed soliton known as DM soliton
[202,203]. Hence, DM optical links for high data rate long-haul soliton based

communication has been an active area of research for last few decades [204].

In dispersion managed link, fiber GVD varies between normal and anomalous values
periodically, to yield either positive, negative, or even zero average GVD over a map
period. Such propagating pulses in a properly dispersion managed link, enjoy few
advantages over solitons in optical links with constant GVD [205]. The designed dispersion
managed link also offers reduced Gordon-Haus timing jitter, the lesser influence of FWM,
improved signal-to-noise ratio (SNR) at the receiver [206]. Four wave mixing (FWM) in
WDM system can be managed to be negligible by ensuring that the dispersion managed link
offers large value of local GVD and almost zero average GVD value over the map[207].
However, unlike conventional soliton system where the soliton pulse maintains its shape
during propagation in a constant GVD link, the width of a dispersion managed soliton pulse
oscillates periodically along the link and it regains its shape after each dispersion managed

link span known as Dispersion Map (Lwmap) [202-207].

As deployment of the DM scheme in optical link forces each soliton pulses to
propagate through normal dispersion regime followed by another segment of fiber with
anomalous dispersion. Generally, normal-GVD fibers do not support bright solitons and
they lead to substantial broadening and chirping of pulse [26]. However, intensive
theoretical studies cited in the literature [26,201] have supported the survival of solitons in a
DM link, when Lwmap is kept as a fraction of the nonlinear length (Lnc), this ensures
negligible nonlinear effects and enables the pulse to propagate in a linear fashion over one
map period. Thus DM solitons survive in such a link in an average sense provided their
peak power along with width and pulse shape is permitted to undergo periodic oscillations.
This chapter presents the numerical analysis mainly concentrates with various dispersion

map profiles and eventually investigates the critical fraction i.e. the ratio of Lyap to Ly for
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each of these profiles. This analysis helps in identifying the best suitable dispersion map
profile for DM soliton propagation. The present chapter aims to find the dispersion map
profile which offers the maximum length of Lua. This analysis has been further explored
for the effect of negative residual dispersion from zero residual dispersion and initial pulse
chirp. The Last section of this chapter provides the collision dynamics of the dispersion

managed soliton. The organization of this chapter is as follows:

Mathematical modeling of DM link to analyze the pulse propagation has been
discussed in section 6.2; Section 6.3 provides dispersion management strategies in fibers
suitable for DM soliton propagation. Section 6.4 attempts to maximize the propagation
length in such cases with the use of negative dispersion and initial chirp. This section also
provides the collision dynamics of these DM solitons. Important findings of the chapter are

summarized in section 6.5.
6.2 Mathematical modeling of dispersion managed link

In anomalous dispersion coefficient fibers with a positive value of GVD parameter, 3,
the propagating pulse gets broaden due to dispersive behavior, however, the presence of
nonlinear effects induces a counter balance effect to this dispersion. Also, another fiber with
a negative value of dispersion parameters g, is required to recover the original pulse shape
forms a dispersion map (Lwmap). Therefore this analysis starts with the evaluation of critical
fraction (Lmap/LnL) for a simple dispersion managed link comprising of alternation spans of
two fibers with positive and negative values of GVD parameter £, forming the dispersion
map. Propagation of an optical pulse inside a dispersion managed link is governed by the

Nonlinear Schrodinger equation (NLSE) given as (6.1):

LA B, O°A

i
- +yAPA=—ZA 6.1)

2

Here A is the pulse envelope, 5 is nonlinear coefficient and « is fiber attenuation constant
It may be noted in equation (6.1) that 3,, 5, and « are periodic functions of Z as these

parameters vary periodically and obtain different values in two or more fiber segments
deployed to form the dispersion map. Compensation of attenuation at lumped amplifier can
be included by tactfully changing the loss parameter suitable at the amplifier locations.

Equation (6.1) has been solved numerically to study the performance of DM systems
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[208,209]. The last term on the right-hand side in equation (6.1) is further eliminated using

the following transformation.
A(z,t) = B(z,1) exp{—%_[a(z)dz} (6.2)
6]

Equation (6.1) then evolves to

OB _p,(2) OB
oz 2 ot?

+7(2)B°B=0 (6.3)

The power variations of the pulse propagating along the dispersion managed link are

included through a nonlinear parameter

7(2) = yexp{— ) a(z)dz}
° (6.4)

The variational method used in solving equation (6.3) provides a substantial insight to
the design of dispersion managed links [26]. It has been observed that despite variations in
amplitude, width, and chirp during propagation, a chirped Gaussian pulse is able to maintain
its functional form in a linear regime (, = 0). Therefore, in dispersion managed link where
the nonlinear effects are relatively weak compared to the dispersive effects in each fiber

sections, the pulse shape is likely to retain its Gaussian shape defined in equation (6.5)

~ C[+ick®
B(z,t) =aexp[ or7 +ig] (6.5)

where a is the amplitude, T is the width, C is the chirp and ¢ is the phase of the pulse.

All these four parameters vary with Z because of perturbations produced by periodic

variations of £, (z). Equation (6.3) can be derived from the Euler-Lagrange equation using

2} (6.6)

The evolution equations of the four parametersa, T, C and ¢ in equation (6.5) are

the following Lagrangian density:

i oB” ~ OB 1(- 4
e =i(Bg—B —j+§[y(z>|8| - @)

a8
ot

2 oz

found using variational approach. The phase equation is ignored as it is not coupled to other

three equations. It is found by integrating the amplitude equation that the combination a?
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T does not vary with z, which leaves the following two coupled equations to be solved
[26].

T _ p.C 67
dz T

dC 7_/EO 2 ﬂZ

—~ =120 L(1+CHE2 6.8
dz  2xT ( )T2 (6.8)

1+C?

For the linear condition with ;5 = 0, the ratio -

is related to the spectral width of the

2

. N . 1+C
pulse that remains constant and maintain the initial value of the pulse as T—20 , Where Cq
0

and T, are the chirp and width of input pulses before launched into the dispersion managed

link. The solution to equation (6.7) and (6.8) has been found analytically [26] and expressed

s
T2(2) =T¢ + 2] A()C()z 69)
and

C(2)=Cy + %iﬁz(z)dz 6.10)

Using equations (6.9) and (6.10) the values of T and C at the end of first map period

(Z = Lwmap) are found to be

T, =T, [(1+ C,d) +d 2]“2 (6.11)
and
C,=C,+@+C2%)d (6.12)
ELMap n _ /82n|n + ﬁZaIa
_ = A3
where d T2 and /3, LTI, (6.13)

It is clear from equation (6.13) that for dispersion managed link with Bz =0, both T and c
returns to their initial input values at the end of each map period. For a dispersion managed

link with some residual dispersion i.e.,ﬁ2 #0 T and c change after each map period and
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the pulse evolution thus is not periodic. For the weakly nonlinear system, an initially
chirped pulse satisfying ,EZC < Ocan result in a final pulse narrower than the initial pulse.

If dispersion managed link is designed in a fashion that the pulse broadens in the first fiber
section and compresses in the second section then the impact of nonlinearities on pulse
propagation can be reduced significantly. For such quasi-linear dispersion managed links
periodic solutions for T and C can be found by imposing periodic boundary conditions as

mentioned below:

T(L,..)=T, and C(L,,..) =C, (6.14)

Map Map

The conditions in equation (6.14) ensure that the pulse recovers its initial shape at the end of
each map period. Thus, such Gaussian pulses propagating through dispersion managed link
gives rise to soliton-like behavior, essentially called as dispersion managed (DM) Soliton
[26, 205]. Literature reports that the shape of such DM soliton is typically closer to

“Gaussian” profile rather than “sech” profile associated with standard solitons [26].

In this chapter, Nonlinear Schrédinger equation has been solved numerically using split-step
Fourier method [210-212] implemented in MATLAB for dispersion managed optical link
for soliton propagation with Gaussian pulse approximation. Section 6.3 presents the

different dispersion map profiles for dispersion managed pulse propagation.
6.3 Different dispersion map profiles for dispersion managed pulse
propagation

In this section, four different dispersion profiles resulting in four different dispersion
maps with zero residual GVD have been investigated first. The fibers are assumed to be

lossless in the simulation.
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Figure 6.1: (a) A-N dispersion profile and dispersion map (b) N-A dispersion profile and dispersion
map (c) A-N-N-A dispersion profile and dispersion map (d) N-A-A-N dispersion profile and

dispersion map.

Figure 6.1 shows the four dispersion map profiles viz. Anomalous-Normal (A-N),

Normal-Anomalous (N-A), Anomalous-Normal-Normal-Anomalous (A-N-N-A), Normal-
Anomalous-Anomalous-Normal (N-A-A-N) considered in this analysis to find out the
critical fraction (hereafter called as n where n = Lya/Lni) for which DM pulse propagates
in a linear fashion over each Lyap. It can be seen from Figure 6.1 that all these different

dispersion map profiles have zero residual dispersion over a map period. Figure 6.2 shows

the pulse propagation in each of these dispersion map profiles when dispersion map length

is comparable to the nonlinear length i.e. for the case when n =1.
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Figure 6.2: Pulse propagation and evolution in (a) A-N dispersion map (b) N-A dispersion map
(c) A-N-N-A dispersion map (d) N-A-A-N dispersion map.

It can be observed from Figure 6.2 that DM soliton formation and evolution varies with
the dispersion managed scheme deployed in the fiber link. A-N and N-A dispersion map
leads towards pulse broadening and pulse compression respectively resulting in a broadened
and compressed pulse at the end of a Lmap as shown in Figure 6.2 (a) and 6.2(b) . A-N-N-A
and N-A-A-N profiles prove to be more suitable for DM soliton formation and evolution as
can be seen from Figure 6.2 (c) and 6.2(d) where pulse width in terms of full-width at half

maxima (FWHM) at the end of Luap closely follows the pulse initial FWHM .

Further numerical simulations have been carried out to find the critical fraction n in
these dispersion map profiles having zero residual dispersion to ensure stable DM soliton

propagation. This n factor can be a design guideline which indicates that, for a particular
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dispersion map profile, Luap can be increased maximum up to n™ fraction of Ly, to ensure

DM soliton stability. These findings are graphically presented in Figure 6.3.
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Figure 6.3: Lya, shown as percentage of Ly, for four different dispersion map profiles

From Figure 6.3 it is observed that, for A-N and N-A profile, the critical fraction n is
1/8 i.e. Lmap Can be maximum up to 12.5% of Ln., whereas for A-N-N-A and N-A-A-N
profile the critical fraction n is 1/2 i.e. Ly Can be extended maximum up to 50% of Lyy.
So, to maximize the length of dispersion map one should prefer either A-N-N-A or N-A-A-
N dispersion map profile to deploy the dispersion managed optical link. Basically,
Anomalous (A) regime of g, essentially refers to standard single mode fiber (SSMF) with
the positive value of dispersion (D) and negative value of g, 'whereas Normal (N) regime

of g, essentially refers to the dispersion compensating fiber (DCF) with the negative value

of dispersion (D) and positive value of £, .

Figure 6.4 shows DM soliton pulse evolution with Ly, designed according to the
critical factor n found in the above simulation i.e. from the findings highlighted in Figure
6.3.
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Figure 6.4: Pulse propagation and evolution in (a) A-N dispersion map with n = 1/8 = 0.125 (b) N-
A dispersion map with n = 1/8 = 0.125 (c) A-N-N-A dispersion map with n = 1/2 = 0.5 (d) N-A-A-N
dispersion map withn =1/2=0.5

Thus, as A-N-N-A and N-A-A-N profile have the same requirement in terms of critical
fraction n, to further investigate which profile supports DM soliton pulse propagation in a
more favorable way over multiple loops of Lma. The total propagation distance Lot
normalized to Ly, has been found for these two profiles and as theoretically expected, with
the increase of Lt the critical factor n has to be further reduced to ensure a quasi-linear
propagation of DM soliton pulse. Needless to say that, with increasing distance nonlinear
impairments accumulates to distort the shape of the propagating pulse. Thus n should be
accordingly reduced to ensure that DM soliton pulse regains its shape and width every map
period in a long distance propagation link made up of multiple identical dispersion maps.
Figure 6.5 shows the comparative analysis between A-N-N-A and N-A-A-N profile for 200

loops of Lap.
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Figure 6.5: Comparative analysis of A-N-N-A and N-A-A-N Profile over 200 loops of Lap
The important facts extracted from Figure 6.5 have been summarized as:

e With the increase in Lo, the critical fraction n decreases. It means Ly, becomes a
smaller fraction of Ly to ensure quasi-linear propagation of DM soliton pulse when
nonlinearities accumulate with increasing propagation distance which is calculated

as Lrotal / LL.

e A-N-N-A and N-A-A-N dispersion map profiles behave almost identically for pulse
evolution but a closer look at the graph reveals that A-N-N-A profile is a better

choice for the designer.

To be precise, for A-N-N-A profile, critical factor n comes out to be 1/20 when 100
loops of Lwma are considered as propagation length. Therefore, Ltow = 100 X Lyap =
100x1/20 Ly, =5 Ly and thus Lot / L is 5. Whereas, for N-A-A-N profile, the critical
factor n comes out to be 1/21 for the same propagation distance. Therefore, Ltow = 100X
Lmap = 100x1/21 Ly = 4.76 Lne which means Lo / Lae is 4.76 in this case. So, selection
of A-N-N-A profile allows longer propagation distance for stable DM soliton. This confirms
that A-N-N-A profile is the best dispersion map profile to deploy dispersion managed

optical link.
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After finding the optimum dispersion map for DM soliton propagation where average
dispersion was zero, this analysis is further extended with some residual dispersion and

initial chirp in section 6.4.
6.4 Analysis with negative average dispersion

Extending the above-mentioned analysis further, propagation distance improvement for
DM soliton in an A-N-N-A dispersion profile is investigated where average dispersion

value is considered to be slightly negative i.e. g,<0. In this case, some initial chirp of the

Gaussian pulse shall be useful to ensure DM soliton pulse regaining its shape and width at
each map period. A comparative analysis has been thus provided between A-N-N-A fully-

compensated profile with g,=0 and A-N-N-A undercompensated profile with g, <0. The

findings of these analyses are presented graphically in Figure 6.6. Some positive initial
chirp in Gaussian pulse proves very handy in increasing the propagation distance for DM

soliton in an A-N-N-A undercompensated profile with 3, ~ —0.1 which is shown in Figure

6.6(a). It can also be seen that for A-N-N-A fully-compensated profile DM soliton sustains
for only one map period and then no negative or positive value of chirp allows DM soliton

formation and evolution over multiple loops of Lap.

So, for an A-N-N-A undercompensated profile with n = 1/2 i.e. Lyap= 50% of Ly, DM
soliton can propagate over increased distance represented as Lot / Lne With the appropriate
value of initial chirp as shown in Figure 6.6 (b). This gives a better view to support
undercompensated A-N-N-A profile where total propagation distance has been plotted for a
number of loops of Lugp. In the case of A-N-N-A fully-compensated profile, where initial
chirp does not help towards DM soliton stability, critical factor n is needed to be lowered as
discussed previously, to support DM soliton formation and stability. On the other side, A-N-
N-A undercompensated profile with n = %2, supports DM soliton evolution for much longer
distance by proper adjustment of the initial chirp of the Gaussian pulse. This feature seen in

the case of A-N-N-A undercompensated profile needs to be analyzed more critically.
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Figure 6.7: Pulse shape after different number of loops of Lya, (Where Ly is 50% of Ly) with
appropriate initial chirp.

Figure 6.7 thus, reports the pulse shape after different propagation distance with
appropriate initial chirp to maintain pulse FWHM same as that of the initial Gaussian pulse.
It is interesting to note that, with increasing positive values of initial chirp, this profile can
support increased propagation length. The pulses are shown here (all having FWHM = 1)
are able to regain their initial FWHM after propagating multiple loops but with dispersed
tails. This indicates that, though, with initial chirp, Ly Can be increased but with a
compromise with the bit rate. This implies that pulse repetition rate needs to be decreased to

compensate for the impairments caused by the highly dispersive energy of the pulse tail.

This analysis has been further extended for different values of residual dispersion in an
undercompensated A-N-N-A link to observe the effect of residual dispersion on DM soliton
stability. Figure 6.8 thus, shows the stability region of DM soliton in different

undercompensated profiles and their corresponding requirement of initial chirp values.
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Figure 6.8: Stability region for DM soliton with n = %2 in the parametric space of s, and Chirp (C)

The numerical analyses, performed so far, have investigated the suitable dispersion
map profile and parametric space for DM soliton formation, propagation and stability.
While in the transmission only single pulse doesn’t exist thus, it is now important to study
also the collision dynamics of two DM soliton pulses co-propagating in such an
undercompensated A-N-N-A dispersion profile to observe the behavior of DM soliton

propagation and interaction in a realistic situation.
6.5 Collision of dispersion managed soliton pulses

Dispersion managed soliton offers benefit of reduced impact of two-pulse interaction
under weak dispersion management, over the conventional solitons in a constant GVD link
[15]. Thus, in an undercompensated A-N-N-A profile, stationary two-pulse DM soliton
solutions can be found which essentially leads towards the reduction in soliton interaction.
Conventional solitons also show similar qualitative behavior as a result of some

perturbations reported in the literature [15, 213-214].In soliton communication, the
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dispersive waves accumulated through multiple in-line amplifiers, adds timing jitter to
impair the system performance at high speed [215]. To visualize the soliton system
performance, the influence of normalized pulse separation parameter (qo) is studied to
estimate the interaction of adjacent soliton pulses. In the present analysis,
undercompensated A-N-N-A dispersion map profile has been considered to predict the
suitable qo value for minimum DM soliton pulse-pair interaction. Soliton interaction and
collision dynamics have been numerically simulated by solving NLS equation given in
equation (6.3) considering the Gaussian pulse pair shown below:

u(0, t) = gaussian(t —q,) + r.gaussian[r(t +q,)]exp (i0] (6.15)

where r is the relative amplitude of the two soliton pulses, 0 is the relative phase and 2qq IS

the initial (normalized) separation. Figure 6.9 shows the evolution of a DM soliton pulse-
pair with go = 2 for an A-N-N-A undercompensated profile with ﬁ_’z ~ —0.1 where Lygp is

50% of Ly, From Figure 6.9 it is observed that for case (a) DM solitons get attracted and
eventually collide with each other whereas in case (b) DM solitons start propagating with
initial attraction and then eventually start repelling each other. In case (c) DM solitons repel
each other even more strongly to lead to a significant separation between them as distance
increases, whereas in case (d), though the pulses undergo perturbations while propagation

but they are experiencing minimum interaction.
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Further, to achieve the optimum pulse separation i.e. the best spectral efficiency, the
minimum value of go has been estimated for a DM soliton pulse-pair under case (a) which is
the most usual case of soliton propagation. The propagation dynamics depicted in Figure
6.10 shows that DM soliton pulse pair propagating in undercompensated A-N-N-A profile
experience negligible interaction even for case (c) in Figure 6.10 for qo = 3 which relaxes
the ‘qo = 3.5’ constraint as applicable for fundamental soliton [15]. Thus, a system designer
can design more spectrally efficient scheme deploying DM solitons in A-N-N-A
undercompensated profile with proper adjustment of initial chirp value to achieve much

longer propagation distance.
6.6 Conclusion

This chapter presented the detailed numerical analysis which will help in suggesting the
best-suited dispersion map profile for DM soliton propagation. It has been observed that A-
N-N-A dispersion map profile, having a certain amount of residual dispersion in
uncompensated DM link; with initially chirped Gaussian pulse supports stable DM soliton
formation and propagation over the larger number of dispersion map loops. Stability region
for such DM solitons has been found in the parametric space of residual dispersion and
initial chirp. Even the analysis of collision dynamics suggests that initially chirped DM
soliton in undercompensated A-N-N-A dispersion map profile exhibit superior spectral
efficiency as compared to the fundamental solitons.
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CHAPTER 7

Conclusions and Future Directions

To fulfill the increasing demand of bandwidth and capacity in networks, optical fiber
transmission becomes the favorable mode of communication. This thesis addresses various
cost-effective solutions to enhance the data carrying capacity or the transmission distance of
the optical links. For the same, 40 Gbps and 100 Gbps data rate per channel was the main
focus of the designed optical links. At higher data rates i.e. 40Gbps and 100Gbps
nonlinearities plays more crucial role, thus require proper spectral management techniques
and strategies to achieve the desired optical link performance. The aim of the present work
is to explore the various spectral management techniques to enhance the performance of the
pulse propagating through the optical fiber in single and multichannel optical systems. The
performance characteristics have been measured in terms of BER-equivalent Q factor.
Apparently, there are various methods to increase the overall capacity of lightwave
transmission link. The present chapter summarizes the major findings of the thesis and also

discusses the future scope of the work.

In chapter 2, the literature review on the various aspects involving the design and
development of high speed optical transmission link was presented. A topic covered in the
review chapter includes the concepts involved in the design of modulation and
demodulation used in the optical communication. Various data modulation formats starting
from the conventional RZ/NRZ to duobinary and multilevel modulations formats have also
been discussed. For the performance improvement of the long haul optical transmission
links, periodic dispersion management techniques are the popular approaches. In
consequence of the detailed literature review, it is observed that some of the preferred and
widely accepted techniques to improve the overall performance of the high-speed optical
communication links are: use of spectrally efficient modulation formats and pulse shaping
schemes, use of different fiber types, design of WDM or DWDM system, and the

implementation of periodic dispersion maps along the length of the optical fiber links.

In the present thesis, first, spectral management techniques have been used to improve
the performance of the transmission link. One of such technique is pre-chirping of the input

transmitting pulse to make it robust towards fiber impairments. Chapter 3 of the thesis
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presents the analysis of the SPM and ASE noise induced impairments and their effect on the
transmission of chirped Gaussian pulse propagating through the single mode fiber channel.
The proposed transmission link has been designed at 40Gbps data rate for RZ modulated
pulse shape employing a direct detection configuration at the receiver end. For the analysis
different duty cycles and chirp values have been considered. Obtained results reveal that the
higher duty cycle pulse with the negative chirp conditions performs better than lower duty

cycle pulses for both SPM and ASE-limited channel conditions.

Duobinary is a 3-level modulation format and very efficient pulse shaping technique. It
is very popular in wireless as well as in optical transmission link designs. Advantages of
duobinary modulation format for the optical transmission links and its implementation at
40Gbps data rate with fixed OSNR conditions have been presented in chapter 4. This
chapter also presented the filter bandwidth optimizations which are used at the transmitter
and receiver side of the link under the ASE noise limited channel conditions to get the
optimum performance for the duobinary NRZ and duobinary RZ pulses. The designed link
has been subjected to SPM and GVD effects for two different situations first when they
were acting one at a time and second, when both the effects are present at the same time.
Dispersion compensating fibers are used to nullify the effect of dispersion when analyzing
the SPM effect alone. The presented analysis shows the superiority of duobinary NRZ over
duobinary RZ pulse at higher OSNR value however, for a typical OSNR value a crossover
optical filter bandwidth has been observed beyond which duobinary RZ outperforms
duobinary NRZ.

Multilevel modulation formats are popular and widely used modulation formats for the
high speed optical link designs because of their higher tolerance towards linear and
nonlinear effects. Optical link design using RZ-DQPSK in single channel configuration is
discussed in chapter 5 of the thesis. Comparative analysis has performed for the three
different single mode fiber types under ASE noise channel conditions. Single mode fibers
used for the analysis are SSMF, TW-RS, and LEAF. Initially, this link analysis is performed
at the 10Gbps data rate and then extended for the 40Gbps data rate. An obtained result
shows the superiority of LEAF followed by SSMF and TW-RS fiber types especially for

long haul applications but that comes at the higher installation cost.

Since DQPSK is a true multilevel modulation format which provides spectral efficiency
compared to QPSK format but at the same time with the less complex transmitter and

receiver designs. Therefore, the analysis in chapter 5 is further extended with the dual
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polarization format of DQPSK (DP-DQPSK). Dual polarization modulation formats are
very effective in increasing the data rate and transmission distance when used in WDM and
DWDM configuration. Therefore, the proposed DP-DQPSK optical link has been designed
for 9 channels in with 112Gbps data rate per channel and 50GHz channel spacing. Pulse
transmission in symbol-aligned and symbol interleaved formats is analyzed for various
linear and nonlinear fiber impairments. Obtained results show the superiority of symbol-
interleaving format over their symbol-aligned counterparts when the link is subjected to

various intrachannel and interchannel effects.

During this thesis, it has been observed that various techniques such as spectrally
efficient modulation formats, different fiber types, and dispersion management schemes at
various stages of the link are useful to improve the overall performance of the transmission
system to some extent. But these techniques are useful for improving the performance of
short and metro transmission links. For the long haul transmission link designs
nonlinearities influence the overall system performance and for those applications, local
GVD compensation is not sufficient to get the original signal back. As the design of optical
long haul transmission links is required for providing the communication between long
distance links and there is a continuous need for new techniques to improve the link length.
Deployment of dispersion managed links along the length of the fiber is an effective
solution to retain the shape of the propagating pulse. Therefore, in long distance links, it is
important and beneficial to use both loss and dispersion management techniques

simultaneously.

To keep this in mind chapter 6 of the thesis provides the mathematical modeling of
periodic dispersion management for the propagation of dispersion managed pulse popularly
known as dispersion managed soliton. Chapter 6 provides the analysis of different
dispersion map profile to find the best suitable profile for the dispersion managed soliton
pulse propagation. Periodic maps are formed with the combination of normal and
anomalous fiber sections. The dispersion map profiles considered for the analysis are
Anomalous-Normal (A-N), Normal-Anomalous (N-A), Anomalous-Normal-Normal-
Anomalous (A-N-N-A) and Normal-Anomalous-Anomalous-Normal (N-A-A-N). Unlike
normal soliton pulse propagation where the shape of the pulse remains constant because of
fixed value of GVD, in dispersion managed links width of the propagating dispersion
managed soliton oscillate periodically and regain its shape after each dispersion map. After
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obtaining the suitable dispersion map, work has been further extended to increase the

propagation length with the use of negative dispersion and initial chirp.

Analysis performed in this chapter shows that the A-N-N-A dispersion map along with
negative dispersion and initial chirp support the dispersion managed soliton pulse for
comparatively longer length. In soliton communication interaction between two neighboring
solitons is an important aspect of system design. To achieve maximum spectral efficiency
solitons are packed as tightly as possible. However, perturbation occurs in soliton
transmission due to the presence of neighboring pulses. Chapter 6 also provides the analysis
of dispersion managed soliton interaction analysis shows that more spectrally efficient
scheme can be implemented using DM solitons in A-N-N-A undercompensated map with

proper adjustment of initial chirp value to achieve much longer propagation distance.
Future Directions

Major challenges with the optical simulation tools are that they have to perform well
for the wider optical bandwidth of tens of THz while incorporating the slow dynamics of
amplifiers. In future, the proposed transmission links need further optimization with more
sophisticated tools in terms of power budget, gain flattening, OSNR conditions etc. to

provide the results at different abstraction levels.

The main focus of the present thesis is to improve the data transmission capacity of the
optical transmission systems with the simple and low cost direct detection receivers.
Therefore, another aspect of future work includes the implementation of coherent receiver
schemes for improved receiver sensitivity. As all the information of the optical field is
preserved during coherent transmission thus it offers various advantages. Also, several
spectrally efficient optical modulation formats such as M-PSK and M-ary quadrature
amplitude modulation (QAM) require coherent detection schemes at the receiver. In QAM
schemes with the increase of the number of M, higher SNR is required under the same BER,
thus, forward error correction (FEC) makes these schemes possible. Therefore, the
implementation of advanced modulation formats along with FEC coding is one of the
aspects of future work. Coherent detectors have their own complexity and stability issues.
Therefore, another direction is homodyne detection schemes. For homodyne detection, with
the availability of the high speed digital integrated circuits allows the use of electrical signal
pre-processing and stable detection of in-phase and quadrature components of the signal is

possible. Also, in DSP based systems as the carrier phase of coherent modulation formats is
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recovered after homodyne detection with the use of digital signal processing, is a faster,
stable and simpler approach compare to the conventional coherent detection schemes using

optical phase-lock loops.

Numbers of new technologies have been introduced in recent years to fulfill the demand
of ever increasing data for the future 100G systems. Multilevel modulation formats with a
large number of bits per symbol will offer the essential ingredients for high-speed next
generation lightwave systems. The presented work has explored only one types of
modulation format for 100G systems. Implementation of various other 100G modulation

formats and the link optimization is again a good approach to further extend the work.

For long haul optical link designs soliton communication is considered to be more
robust approach as nonlinearities do not affect it although the existence of solitons depends
on them. Most of the soliton communication is rely on binary coding and they are
performing well till now, but to fulfill the demands of future high data applications it

becomes extremely important to accommodate more number of bits per clock period.

In normal soliton communication, two pulses can co-propagates together depending on
their relative phase. In conventional soliton transmission, pulses can either collide or repel
each other whereas for dispersion managed solitons, stable separation exists between two
pulses. Therefore, dispersion managed solitons are the good candidate for the future
lightwave systems and the work in this area can be further extended to explore them for the

future next generation optical transmission systems.
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