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ABSTRACT

The introduction of WDM with optical amplifiers has revolutionized the optical fiber
transmission system by escalating the system capability both by the number of channels
and distance. Transmission capacity can be further improved by increasing the channel
bit rate. The channel bit rate is upgraded to 40 Gb/s from 10 Gb/s and it is predicting
that the next generation light wave communications will be based on 100 Gb/s rate or
even more. This high bit rate systems will face many problems due to fiber dispersion
and nonlinearity which are interconnected with transmitting power, number of
channels, channel spacing, transmission length and duty cycle. The third order
dispersion (TOD) effect still may be in an acceptable limit at current bit rate of optical
fiber transmission scheme but its effect increases with the escalating bit rate. The
presence of the TOD causes pulse broadening and ripples as well as introduces an
additional temporal shift to each pulse. As a result compensation of third order
dispersion along with second order dispersion has become a concern now-a-days in
dispersion-managed system. This fact has motivated us in this research.

In this work a comprehensive investigation on pulse distortions has been carried out
due to the TOD on ultra-high speed long-haul single channel optical fiber
communication system. The optical communication system consists of dispersion-
management with a periodic Er-doped fiber amplifier (EDFA). Impact of TOD is
observed at the receiving end considering the variation of different factors such as bit
rate, duty cycle, pulse shape, transmission distance and fiber type. Only self-phase
modulation, second and TOD effects, fiber loss, ASE noise and receiver noises are
considered here. In the simulation, two different dispersion-managed models have been
used. One model consists of standard single mode fiber and dispersion compensated
fiber (DCF). In another model, non-zero-dispersion shifted fiber is followed by DCF.
Each span consists of an optical amplifier at the end terminal of every span. The
numerical simulation is done by directly solving the Nonlinear Schrodinzer equation
using split-step Fourier method. The simulation has been carried out using OptiSystem.
Pulse center position changes with the variation of duty cycle, pulse shape and fiber
type. However, these impairments could be mitigated by properly designing DM
transmission systems along with consideration of other parameters. As far as real
environment is considered, performance of SSMF-FBG is satisfactory while
considering both GVD and TOD for high bit rate. The result obtained from this work
will be helpful for designing high-speed long-haul optical fiber communication system.

Vi
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Chapter One

Introduction

1.1 Introduction

In the last few years, there has been vast increase of applications in telecommunications
sectors that require great amounts of bandwidth such as interactive multimedia, video
conferencing and streaming audio made the capacity of the exiting optical fiber systems
inadequate. Technologies such as Frame Relay and ATM also require capacity
increase. Internet users are increasing by 700 percent each year which in turn is also
becoming threatening to telephone access networks [1]. As a result, service providers
must ensure fault-tolerant services. During the past several years, different steps and
market-driven economic policies have been initiated to promote the telecommunication
sector throughout the world. But today’s competitive advantage focuses on escalating

the existing capacity of network infrastructures and providing improved consistency

[2].

To fulfill these requirements, carriers have broadened route diversity, through ring
configurations in which back-up capacity is provided on alternate fibers. Achieving
100% reliability however requires that spare capacity be set aside. This potentially
doubles the bandwidth need of an already strained and overloaded system. Growth of
cellular is also placing more demand on fiber networks. At the same time carriers are
enhancing network survivability, they must also accommodate growing customer
demand for services such as video, high resolution graphics and large volume data
processing that require large amounts of bandwidth [2]. Thus the deployment of future
optical networks and upgrade of existing ones will be governed by the growth of the

traffic in all network areas.

1.2 Recent Advancements in Optical Fiber Communications

The development of optical communications has made steadfast advancement since the

invention of fiber optics. Over the years, fiber optics has formed the backbone of



modern information technology. With the increasing dominance of smart mobile
devices and bandwidth-hungry applications such as cloud computing, YouTube,
Facebook and other social network activities, the overall speed demand are increasing
at an outstanding rate and major telecommunication service providers are incessantly
looking for technological breakthroughs that could further push the network speed
limits. While the transportation of the data bits between different points in such
networks normally makes use of light pulses, it is quite a different story for the
switching and routing of the data at the network nodes. Due to the absence of good
optical random access memories, up to now, the data needed to be converted from the
optical to the electrical domain and electronic switches with microelectronic processors
were needed. However, with the ever increasing amount of data the power consumption

of such optoelectronic switches increases dramatically.

Several experiments have demonstrated signal transmission over distances 100 km at
high bit rates (100 Gb/s or more) using simultaneous compensation of both GVD and
TOD. In a 1996 experiment, a 100-Gb/s signal was transmitted over 560 km with 80-
km amplifier spacing [3]. In a later experiment, bit rate was extended to 400 Gb/s by
using 0.98-ps optical pulses within the 2.5-ps time slot [4]. Without compensation of
the TOD, the pulse broadened to 2.3 ps after 40 km and exhibited a long oscillatory tail
extending over 5-6 ps. With partial compensation of TOD, the oscillatory tail
disappeared and the pulse width reduced to 1.6 ps. In another experiment [5], a planar
lightwave circuit was designed to have a dispersion slope of 15:8 ps/nm2 over a 170-
GHz bandwidth. It was used to compensate the TOD over 300 km of a dispersion-
shifted fiber. The dispersion compensator eliminated the long oscillatory tail and

reduced the width of the main peak from 4.6 to 3.8 ps.

In a later experiment, a liquid-crystal modulator was used to compensate for the
residual B3 [6], and the pulse remained nearly unchanged after propagating over 2.5 km
of the dispersion-compensated fiber link. In a 1999 experiment [7], the use of the same
technique with a different DCF (length 1.5 km) permitted transmission of a 0.4-ps pulse
over 10.6 km of fiber with little distortion in the pulse shape.



1.3 Background of the study

With the rapid growth of the information industry throughout the world, more attention
is being given to fiber optic communication networks having high speed and larger
capacity. Dispersion greatly hampers the performance of optical fiber communication.
It also degrades system performance due to increase inter chip interference and reduced
received optical power [8, 9]. So if dispersion can be minimized then a further

performance can be obtained from optical fiber communication.

Dynamic dispersion compensation is becoming paramount in high-speed wavelength-
division multiplexed (WDM) light wave systems, operating at 40 Gb/s and beyond as
the expansion of the transmission bandwidth has led to the signal waveform distortion.
Even if the transmission bandwidth is limited to a single channel, third order dispersion
(TOD) causes pulses to have trailing ripples in ultrahigh speed optical transmission
systems [10-12]. Hence, in such a high bit rate systems, it becomes increasingly
important to exactly compensate not only the second-order, but also the TOD or
dispersion slope (DS) of the fiber as they impose a high dispersion penalty. Therefore a
device, capable of tunability of the dispersion slope is highly desirable to dynamically

match an arbitrary amount of accumulated dispersion slope.

To reduce the effect of dispersion, many fiber structures such DSF, NZDSF have been
proposed. But this kind of fiber is not efficient in a WDM system due to the nonlinear
effect. There have been several proposals to compensate for fiber dispersion effects.
These include alternating fibers with positive and negative dispersion, electronic
equalization in the IF-band for coherent systems, and compensation with laser chirp, etc
[13-16]. Among the different dispersion compensation techniques, there are two
methods that are very useful, one using the dispersion compensation fiber (DCF), the
other using optical fiber Bragg grating (FBG). But dispersion slope of DCF does not
completely match those of G.652 and G.655 fibers. FBG, however, is very compatible
with most of the present optical fiber communication systems and has wide application
foreground [10-19]. However, all these analyses use bit rate of 10 Gb/s and/or 40 Gb/s
over single channel or WDM system. Also, most of the system did not use real value.
These analyses investigated the TOD effect neglecting group velocity dispersion

(GVD) parameter which is not practical for standard single mode fiber (SSMF)



transmission system [20-21]. So, an optimum model for ultra-high speed system is
essential for better fiber-optic communication. Therefore, in the present thesis, we shall
examine the pulse shape and the temporal effect for ultra-high speed system
considering GVD parameter without TOD and with TOD and evaluate the impact on
transmission system. Then we will model a dispersion compensation system which will

be beneficial for designing the ultra-high speed optical fiber communication system

1.4 Objectives

The objectives of this thesis are:

1. To investigate the TOD effect for different high bit rate systems (40 Gb/s, 100
Gb/s and 160 Gb/s) for single type fiber (SSMF, DSF, NZDSF).

it. To explore the TOD effect for different high bit rate systems (40 Gb/s, 100 Gb/s
and 160 Gb/s), duty cycle and dispersion map strength for dispersion managed
(DM) transmission systems. Two different models will be studied. One model
consists of SSMF and DCF. In another model, NZDSF is followed by DCF. We
will also check the time-shift without and with TOD.

iii. To evaluate the TOD compensation using FBG for ultra-high speed optical

communication system.

1.5 Thesis Outline

Chapter one covers the introduction, recent advancements, background and objectives
of the present thesis.
Chapter two represents the impact of different transmission impairments of optical fiber

communication system.

In chapter three, the basic theories for the analyses employed in this thesis for DM
transmission will be presented. Fundamental equations of optical pulse propagation in a
fiber have been studied. Analytical calculation of pulse broadening and changes of pulse
shapes due to GVD and TOD on RZ Gaussian pulse will be explained. For checking the
results of analytic techniques, we have introduced a numerical technique known as Split
Step Fourier Method (SSFM).The dispersion managed system is also focused in this
chapter.



The simulation model using OptiSystem will be represented in chapter four. Dispersion
compensated system model has three parts- transmission section, optical link section
and receiver section. Components of the each section will be also discussed in this

chapter.

Simulation results are discussed in chapter five. Two different models are used to
explore the TOD effect for different high bit rate systems, duty cycle, dispersion map
strength and fiber types for dispersion managed transmission system. One model
consists of SSMF and DCF. In another model, NZDSF is followed by DCF. We will
also check the time-shift without and with TOD. We will also use the TOD
compensation technique using fiber Bragg’s grating for ultra-high speed optical

communication system.

Chapter six is the concluding chapter. It contains the summary of the work. The chapter
also highlights scopes for future work. All references are placed at the end of this

thesis.



Chapter Two

Transmission Impairments of Optical Fiber

2.1 Introduction

The ultimate goal of the optical signal transmission is to achieve the predetermined bit-
error ratio (BER) between any two nodes in an optical network. The optical
transmission system has to be properly designed in order to provide the reliable
operation during its lifetime. However, as data rates in optical networks increases, it is
needed to pay more attention to peculiarities in the fiber-optic medium. High bit rate
systems face many problems due to fiber dispersion and nonlinearity which are
interrelated with transmitting power, number of channels, channel spacing ,bit rate and

transmission length, etc.

In this chapter, we will discuss the basic transmission impairments in optical fiber
communication in section 2.2. Sub-section 2.2.1 presents a brief discussion on linear

impairments. Non linear impairments are presented in sub-section 2.2.2.

2.2 Impairments of Optical Fiber Communication

The transmission impairments of optical fiber can be classified into two main effects:
linear and nonlinear. Linear effects include fiber attenuation and dispersion, and

nonlinear effect consists of inter-channel and intra-channel impairments.
2.2.1 Linear Impairments

In optical fiber communication systems, linear impairments are due to the fiber loss and

chromatic dispersion (CD). Different linear effects are briefly describer below-
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Figure 2.1: Transmission impairments of optical fiber.

2.2.1.1 Attenuation

Once power is coupled into the fiber, the optical signal will interact with the fiber. One
of these interactions is the attenuation or loss of the light signal as it moves through the
medium. Signal attenuation is defined as the optical output power Py, from a fiber of
length L to the optical input power Pj,. Mathematically

F,, =k, exp(-al) (2.1)
Where a is attenuation constant account to fiber loss. Usually, fiber loss is expressed in
terms of dB/km where aqs= 4.343a. Although power of the pulse is attenuated due to
fiber loss, full width at half maximum (FWHM) of the pulse remains unchanged.

The loss of power depends on the wavelength of the light and on the propagating material.
For silica glass, the shorter wavelengths are attenuated the most. Attenuation is caused by
two physical effects, which are absorption and scattering. Absorption has an effect of
removing photons, when they interact with atoms and molecules of the medium while

scattering redirects the light out of the core of the fiber.

Scattering losses occur when the photons see a variation in the core’s refractive index.

This phenomenon is Raleigh scattering and is considered as an intrinsic loss in optical



fiber and therefore sets the lower limit on fiber losses. Thus attenuation in optical fiber
is obtained by considering effects of absorption and scattering simultaneously. The
lowest attenuation occurs at wavelengths 1300 nm and 1550 nm with the corresponding
values of 0.5 dB/km and 0.2 dB/km, respectively. The 1550 nm window is favored in
telecommunication applications considering the theoretically minimum for fused silica

fiber.

2.2.1.2 Fiber Dispersion

Ideally, an optical pulse with a given FWHM and amplitude, transmitted into one end
of a fiber should arrive at the far end of that fiber with its shape unchanged; however
the optical pulse not only loses its power but the pulse broadens as it propagates. The
phenomenon of broadening of a pulse during its propagation through the optical fiber is
known as dispersion. The widened pulse may merge into its neighboring pulses and

cause transmission errors. The dispersion phenomenon is illustrated in fig. 2.2.
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Figure 2.2: Pulse broadening due to dispersion and illustration of ISI (a) Pulses at the input of
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the fiber, (b) fiber output at distance z;, (c) fiber output at distances z,> z;.
The figure shows that each pulse broadens and overlaps with its neighboring pulses. Due to

overlapping, the propagating pulses eventually may become impossible to differentiate at

the receiver input. This effect is known as “Inter Symbol Interference” (ISI). Thus, an



increasing number of errors may be encountered on the digital optical channel as the ISI
becomes more prominent. The pulses can be separated by spacing them out at the
transmitter, but this means reducing the transmission bit rate. Hence, fiber transmission

distance is limited due to both of the fiber loss and dispersion.

Dispersion in optical fibers occurs due to dependence of the propagation phase constant
and the refractive index of the core material on the transmitted wavelengths. The
different wavelengths propagate at different velocities and results in dispersion of the

output pulse shape in time.
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Figure 2.3: Dispersion in fiber.
In multi-mode fibers, dispersion is also caused by the different propagation time for the
different modes which is called modal or inter-modal dispersion. Dispersion in optical
fibers can be classified into two major types: (i) Intramodal dispersion (ii) Inter-
modal dispersion. Intramodal dispersion: Intramodal dispersion is of types viz. (i)

Material dispersion (ii) Waveguide dispersion.
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Figure 2.4: Different types of dispersion.

In multimode fiber, the incident light can take many different paths or ‘modes’ as it
propagates through the fiber. Each mode traverses a unique path along the fiber to reach
output and therefore arrives at a different time resulting in pulse spreading. This category

of dispersion, called modal dispersion, only applies to multimode fibers.



Single mode fiber (SMF) is used to avoid modal dispersion. Only the fundamental mode
propagates in SMF hence no modal dispersion is experienced by the propagating signal.

However in SMF, chromatic dispersion is the dominant phenomenon discussed below.

Chromatic Dispersion:

Intramodal or chromatic dispersion may occur in all types of optical fibers and results
from finite spectral width of the optical source. The different emitted wavelengths of
the optical source will travel at different group velocities due to different refractive
index for different wavelengths as d’n/dA* = 0. As a result, the different wavelengths
arrive at the destination at different times. The variation of refractive index with
wavelength is dependent on the glass material and so this form of dispersion is called
material dispersion. In digital transmission (digital modulation of the optical carrier),
dispersion results in smearing of the optical pulses and thus affects the maximum data

rate of transmission.

Waveguide dispersion results from variation of group velocity with wavelength. This is
due to variation of the incident angle with wavelength which consequently leads to a
variation in the transmission times for the rays with different incident angles. For a SM
fiber whose propagation constant is B, the fiber exhibits waveguide dispersion when d*
B/dA? = 0. In SM fibers, waveguide dispersion may be comparable with material

dispersion.

Fiber dispersion plays important role in pulse propagation because different spectral
components travel at different speeds, represented as c¢/n(w), where ¢ is the velocity of
light and n(w) is frequency dependent refractive index of the fiber. Mathematically, the
effects of fiber dispersion are studied by expanding mode propagation constant () in

Taylor series around the frequency my as

w 1
,B(a)):n(a));:ﬁ0+,81(a)—w0)+5[)’2(w—w0)2+ ........ (2.2)
where n is the core refractive index, ®0 is the central frequency of the pulse spectrum
and
d"p
B, =( T ora, (M=1,2,.....) (2.3)

Using equations (2.2) and (2.3), the expression for 3; can be derived as
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p=2L Loty (2.4)
dw

As by definition, B; is inverse of the group velocity v,, hence equation (2.4) can be

represented as

v, ¢ dw c
where n, is the group index. Similarly, using equations (2.3) and (2.5), the expression

for B2, named as GVD parameter, will be

p =Bl ,dn 2.6)

=—1 1)
do c¢ do dw’

The mathematical relations (2.5) and (2.6) can be explained physically that the optical
pulse moves at the group velocity while the group velocity dispersion is represented by

B> that causes pulse broadening.
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Figure 2.5: Variation of 3, with wavelength for fused silica.

It is clear from fig. 2.5 that for the wavelength of 1.27 um, denoted as A4, the effect of
B, vanishes. The values of B, are positive for wavelengths less than A4, while they
become negative for wavelengths greater than A4. The region for B, > 0 is called normal
dispersion regime while the region for B, < 0 is known as anomalous dispersion regime.
The pulse degradation effect due to GVD parameter , and TOD parameter 3; will be

discussed in detail in the next chapter.
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2.2.2 Nonlinear Impairments

Most nonlinear effects arise due to intensity dependent refractive index of the fiber.
When an electromagnetic field interacts with the atoms and molecules of the fiber, it
induces an oscillating polarization which causes a tiny change in the refractive index of
the fiber. It is called Kerr effect. For low intensities, the polarization behaves linearly to
the applied field; therefore perturbation of the field can be characterized by a constant
refractive index. However the effect is nonlinear at high intensities and Kerr
nonlinearities may be observed. Due to Kerr effect, different points within a single
Gaussian pulse of light (as they have different intensities) experience different
refractive indices in the fiber that causes an intensity dependent phase shift. This
phenomenon is called self-phase modulation (SPM). SPM basically introduces chirp in
the propagating pulse that causes spectral broadening of the pulse.

If the incident light has lower intensity then the response of the medium is linear and

governed by the equation
P=¢g " E (2.7
However for higher intensities, the nonlinear effects cannot be neglected and the

induced polarization is given by the equation
P=g,(y".E+y? :EE+y® :EEE+....) (2.8)

where the polarization P has both linear and nonlinear components due to the applied
electric field E, g is the vacuum permittivity, and »* is /" order susceptibility. The
linear susceptibility »" results in dominant contribution to P. Second order
susceptibility ¥ in silica fibers vanishes since the SiO, molecules are symmetric. The
lowest-order nonlinear effects in optical fiber arise due to third order susceptibility 2.
Nonlinear refraction, a phenomenon that refers to intensity dependent refractive index,
is responsible for most of the nonlinear effects in optical fiber. The refractive index can

be represented mathematically as
(| E)=n(@)+n, | E (2.9)
where n(o) is linear part of the refractive index that can be approximated by Sellmeier

equation, |E|2 represents optical intensity inside the fiber, the term n;, is nonlinear index

coefficient which is related to third order susceptibility as

n, =%Re(ziilc) (2.10)
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where Re means the real part, and y® . is the fourth-rank tensor. It is assumed that
optical field is linearly polarized, and therefore only one component of 5 ' contributes

to the refractive index.

There are many nonlinear effects which occur in single channel / multi-channel fiber
optic links. In single channel, self-phase modulation is the most dominant nonlinear
phenomenon. In multi-channel propagation, two or more optical fields having different
wavelengths propagate simultaneously inside a fiber and interact with each other
through the fiber nonlinearity while generating new waves in certain cases. Some
important nonlinear effects are cross phase modulation (XPM), stimulated Raman
scattering (SRS), stimulated Brillouin scattering (SBS), four-wave mixing (FWM) etc.

These effects are briefly discussed in the following.

Self-Phase Modulation (SPM):

Self-phase modulation arises due to intensity dependence of refractive index. Due to
SPM, an optical field propagating through fiber, experiences a self-induced intensity
dependant nonlinear phase shift which leads to change in the frequency spectrum of the
pulse. In this way, an initially un-chirped optical pulse acquires chirp i.e. a temporally

varying instantaneous frequency.

Cross-Phase Modulation (XPM):

Cross-phase modulation refers to the change in the optical phase of a light beam in a
nonlinear medium induced by another optical field propagating at a different wavelength,
direction, or state of polarization. It arises due to the fact that the effective refractive index
experienced by an optical field depends not only on the intensity of that beam but on the
overall power contributing from co-propagating beams. XPM leads to asymmetric spectral
broadening, intensity fluctuations and distortion of co-propagating optical pulses, thereby

causing channel cross-talk.

Stimulated Raman Scattering (SRS):
Stimulated inelastic scattering, nonlinear in nature, is a phenomenon in which
scattering of incident photon interacting with dielectric medium results in lower energy

photon. The energy difference in this process is released in the form of phonons. The
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incident wave and the scattered wave are called ‘pump wave’ and ‘Stokes wave’,

respectively. The result of stimulated inelastic scattering is loss of the incident energy.

Signals in optical fibers encounter two major types of stimulated inelastic scattering
namely, stimulated Raman scattering and stimulated Brillouin scattering. The first is
known as stimulated Raman scattering (SRS). This results when the energy transferred
causes molecular vibration, which in turn modulates the incident light and generates
new optical frequencies. Furthermore, the molecular vibration also provides optical

amplification to newly generated frequencies. This is known as Raman gain.

Stimulated Brillouin Scattering (SBS):

The second effect is termed stimulated Brillouin scattering (SBS). SBS results when the
vibrations generate an acoustic wave that travels in the same direction as the incident
optical signal. The acoustic wave acts as a Bragg grating that reflects the light in the
opposite direction. As it is moving, the Doppler shift gives rise to a frequency shift in

the Scattered-light.

Four Wave Mixing (FWM):

When three EM waves with carrier frequencies o, ®,, and o3 (o; and ®, may be equal,
but ®s; has to be distinct from both ®; and ®;) co-propagate inside the fiber
simultaneously, they generate a fourth EM wave whose frequency (w4) does not
coincide with any of the three frequencies and is related to them by a relation w4 = ®; £
oy £ 3. This phenomenon is referred as four wave mixing (FWM). In principle,
generation of several frequencies is possible corresponding to different plus and minus
sign combinations. However FWM is a phase-sensitive process which means that the
interaction among different fields depends on their relative phases. The phase matching
requirement restricts most of the combinations to build up. Frequency combinations of
the form w4 = @1 + ®, - w3 often cause cross-talk or power imbalance between different
wavelengths in multi-channel communication systems since they can become nearly

phase-matched when channel wavelengths lie close to the zero-dispersion wavelength.

Four wave mixing can be reduced by spacing the channels unevenly as well as by

increasing the channel spacing, reducing the transmitted power and increasing the
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operating wavelength. Though FWM is undesired in optical communications; it can be

used for phase conjugation, holographic imaging, and optical image processing etc.

2.3 Conclusion

This chapter briefly discusses about two different types of transmission impairments of
optical fiber. Linear barriers include fiber loss and dispersion, on the other hand
nonlinear part comprises inter-channel and intra-channel impairments. Dispersion plays
an important role in signal transmission over fibers. The interaction between dispersion

and nonlinearity is an important issue in optical fiber system design.
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Chapter Three

Theoretical Analysis of Dispersion in Optical

Fiber Communication

3.1 Introduction

Chromatic dispersion or group velocity dispersion (GVD) is primarily the cause of
performance limitation in the long haul optical fiber communication systems.
Dispersion is the spreading out of a light pulse in time as it propagates down the fiber.
As a result short pulses broaden, which leads to significant inter-symbol interference
(ISI), and therefore, severely degrades the performance. Single mode fibers effectively
eliminate inter-modal dispersion by limiting the number of modes to just one through a
much smaller core diameter. However, the pulse broadening still occurs in SMFs due to

intra-modal dispersion.

This chapter contains mathematical analysis of the effects of GVD and third-order
dispersion (TOD) on a Gaussian and super-Gaussian pulse propagating through a single
mode optical fiber. This work presents more detailed understanding of GVD and TOD
effects on the propagating pulse and provides an opportunity to compare the results
obtained from the numerical model with some well-known results available in the

literature.

3.2 Pulse Propagation Model in Optical Fiber

The optical fiber component simulates the propagation of an optical field in a single-
mode fiber with the dispersive and nonlinear effects taken into account by a direct
numerical integration of the modified nonlinear Schrodinger (NLS) equation and a
system of two, coupled NLS equations when the polarization state of the signal is
arbitrary. The optical sampled signals reside in a single frequency band, hence the

name total field. When the optical field is assumed to maintain its polarization along
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the fiber length, the evolution of a slowly varying electric field envelope can be

described by a single nonlinear Schrodinger (NLS) equation of the form:

2 3
(Z—E+aE+i,82(a)0)a E_Po) 0 E
zZ

. i O O|ET
—iv(|E*E+—— "2 (|\E*|E)— pr, E
aTz 6 aTg 7/(| | COO aT (| | ) p R1 8T2 )

(3.1
In Equation 3.1, E = E (z, T) is the electric field envelope. A frame moving at the group
velocity (T =t —z/vy =t —2z ;) 1s assumed. The derivatives of the propagation constant
of the fiber mode P(w), (B(w)c)/ ), is the mode effective index), with respect to

frequency
ﬁn:m,n:1,2,3 (3.2)

ow"

B> and B; are the first and the second GVD parameters, respectively, and o is the

reference frequency of the signal, wo= 2nc/Ay with ¢ being the light speed in vacuum.

The physical meaning of the terms in Equation (3.1) is the following. The first term
takes into account the slow changes of the electric field along the fiber length. The
second term takes into account the linear losses of optical fiber. The third term
represents the (first-order) group velocity dispersion. This is the effect responsible for
the pulse broadening. The next term is the second-order GVD, known also as TOD.
This effect becomes important for a signal with a broad spectrum. The parameters 3,
and [; are denoted as "frequency domain parameters" in the interface of the component.
The following relations are used internally to convert between them and the commonly

used wavelength domain parameters D (dispersion) and S (dispersion slope).

p=4b _ 27 5
a’/l/1 A . (3.3)
= (=) (A’S+2AD),S = —
B =G )« %S =—

The parameter v is given by:
W',

CA@J] '

y = (3.4)

In Equation 3.4, n, is the nonlinear refractive index coefficient and A is the fiber
effective area. The first term in the right-hand side in Equation 3.1 accounts for the

self-phase modulation effect. It is responsible for the broadening of the pulse spectra
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and, in the presence of anomalous GVD, for the formation of optical pulses. The
second term in the right-hand side of Equation 3.1 takes into account the self-
steepening effect. It leads to an asymmetry in the SPM-broadened spectra of ultra-short
(femtosecond) pulses [9] and is responsible for the formation of optical shocks. The last
term in Equation 3.1 accounts for the intra-pulse Raman scattering effect with the
parameter g being the parallel Raman self- shift time. The parameter p is the fractional

contribution of the delayed response of the material to the total nonlinearity.

In dimensionless form, Equation 3.1 reduces to:

iaa—Z+Dzaajlej+Nl U |? U=iD3§Tl3]+N2Uagt]2 i —iN3§(|U|2 U)—idU
(3.5
where the coefficients are given by:
D, — sign(ﬁz)’ = LDsig'n(,bg)’]v1 =L—D,N2 =L—DT;?,N3 =L—Ds
'D LNL 'NL 'NL
(3.6)
The new quantities are introduced according to:
2 3
L, =%’,LNL =7LB),L'D - lZ |,s=ﬁ,rg :;—j,Ez\/EU,TzTOt,z:chD
3.7

where U is the slowly varying amplitude of the pulse envelope and T is measured in a
frame of reference moving with the pulse at the group velocity, initial width Ty and the

peak power Py, GVD length Lp , the nonlinear length Ly and LD’ as TOD length.

3.3 Effect of Second and Third Order Dispersions
In this thesis, we have considered the effect of GVD and TOD on ultra-high speed
long-haul single channel optical fiber communication system. Suppose, incident power

is 1mW. Therefore, neglecting fiber losses and nonlinear effects equation 3.5 reduces to

2 3
12U p Ty OU
o ot ot

(3.8)

Equation (3.8) can be solved by using the Fourier-transform method. If U (z,w) is the

Fourier transform of U(z,T) such that
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U(z,T) = i T U(z, w)exp(—icwT)d w (3.9)

where
T (z,0) = U0, @) exp(5 foc’= +— o2 (3.10)

Equation (3.10) shows that both GVD and TOD change the phase of each spectral
component of the pulse by an amount that depends on both the frequency and the
propagated distance. Even though such phase changes do not affect the pulse spectrum,
they can modify the pulse shape. By substituting equation (3.10) in equation (3.9), the

general solution of equation (3.8) is given by
U(z,T) = i J' U (0, @) exp(~— [’z + L,B3a)3z —icwT)d w
27 7 2 6

(3.11)
where U((0,0) is the Fourier transform of the incident field at z= 0 and is obtained

using
U0, w) = T U (0,7 exp(iedT)dT (3.12)

Equations (3.11) and (3.12) can be used for different input pulses of arbitrary shapes.

3.3.1 Pulse Broadening Due to GVD for Gaussian Pulses

Consider the case of a Gaussian pulse for which the incident field is of the form [24]

U(0,T) = exp(~ 2TT D) (3.13)

0

where 7T is the half-width. Usually, the full width at half maximum (FWHM) is used

instead of 7. For a Gaussian pulse, these two terms are related as
Ty = 2T,1/In(2) = 1.6651; (3.14)

By using Egs. (3.13)—(3.14) and carrying out the integration, the amplitude at any point

z along the fiber is given by

72

3.15
2(7;)2 _iﬁzz)) ( )

U(z,T)= Ty —exp(—
Iy —ip,2)?

Thus, a Gaussian pulse maintains its shape on propagation but its width 7} increases

with z as
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T,(2) =T0[1+<Li>2]E (3.16)

D
where the dispersion length Ly = T, /| 8:|. Equation (3.16) shows how GVD broadens a
Gaussian pulse. The extent of broadening is governed by the dispersion length Lp. For a
given fiber length, short pulses broaden more because of a smaller dispersion length. At
z = Lp, a Gaussian pulse broadens by a factor of V2. Fig. 3.1 shows the extent of
dispersion-induced broadening for Gaussian pulses by plotting |U(z;T)|* at z = 2Lp,
and 4Lp.

Figure 3.1: Dispersion-induced broadening of a Gaussian pulse inside a fiber at z=2 Lp and z

=4Lp. Here, only [, is considered.

Although the incident pulse is unchirped (with no phase modulation), the transmitted
pulse becomes chirped. This can be seen clearly by writing U(z,T) in the form

U(z,T)=U(z,T) | explig(z,T)] (3.17)
sen(B)(—)
where 4 7)=— Ly, T_2+ltan*1(i) (3.18)

‘D
The time dependence of the phase ®(z, 7' ) implies that the instantaneous frequency
differs across the pulse from the central frequency wo. The difference dw is just the time

derivative -0®/ 0T and is given by

2z
(L))
pory= Ly T (3.19)
oT 1+(i)2 17
L

D
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Equation (3.19) shows that the frequency changes linearly across the pulse, i.e., a fiber
imposes linear frequency chirp on the pulse. The chirp d® depends on the sign of 3,. In
the normal-dispersion regime (B, >0), dw is negative at the leading edge (7 < 0) and
increases linearly across the pulse; the opposite occurs in the anomalous-dispersion

regime (P, > 0).

Dispersion-induced pulse broadening occurs due to different frequency components of
a pulse travel at slightly different speeds along the fiber because of GVD. Red
components travel faster than blue components in the normal-dispersion regime (3,
>0), while the opposite phenomenon occurs in the anomalous-dispersion regime (32
<0). The pulse can maintain its width only if all spectral components arrive together.
Any time delay in the arrival of different spectral components leads to pulse

broadening.

3.3.2 Pulse Broadening Due to GVD for Super-Gaussian Pulses

Dispersion-induced broadening is sensitive to pulse edge steepness. In general, a pulse with
steeper leading and trailing edges broadens more rapidly with propagation simply because such
a pulse has a wider spectrum to start with. Pulses emitted by directly modulated semiconductor
lasers fall in this category and cannot generally be approximated by a Gaussian pulse. A super-
Gaussian shape can be used to model the effects of steep leading and trailing edges on
dispersion-induced pulse broadening. For a super-Gaussian pulse, Eq. (3.13) is generalized to
take the form [25]

1+iC T

U(0,T) =exp[— 5 (F)z’”] (3.20)

where the parameter m controls the degree of edge sharpness. For m =1 we recover the
case of chirped Gaussian pulses. For larger value of m, the pulse becomes square
shaped with sharper leading and trailing edges. If the rise time 7, is defined as the
duration during which the intensity increases from 10 to 90% of its peak value, it is
related to the parameter m as

T

T =(ln9)iz (3.21)
2m m

Thus the parameter m can be determined from the measurements of 7, and 7p. Fig. 3.2
shows the pulse shapes at z =0, Lp, and 2L in the case of an unchirped super-Gaussian

pulse (C = 0) with m = 3. The differences between the two can be attributed to the
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steeper leading and trailing edges associated with a super-Gaussian pulse. Whereas the
Gaussian pulse maintains its shape during propagation, the super-Gaussian pulse not
only broadens at a faster rate but also distorts in shape. Broadening of a super-Gaussian
pulse can be understood by noting that its spectrum is wider than that of a Gaussian
pulse because of steeper leading and trailing edges. As the GVD-induced delay of each
frequency component is directly related to its separation from the central frequency o,

a wider spectrum results in a faster rate of pulse broadening.

Figure 3.2: Pulse shapes at z= Lp and z = 2L, of a super-Gaussian profile.

3.3.2 Changes in Pulse Shape Due to TOD Effect
The response to a Gaussian input pulse in a fiber with third-order dispersion can be
expressed using the Airy function where Ai(y) is an Airy function. This expression is in

accordance with M. Miyagi and all [26], although they followed a different approach.

1 v o’T’ , 1 1
Uz T) =5 Uy 27T [ expl- : 0 Jexp[ j(@T -5 B’z — B’z o (3.22)

2

2 1 _
Let, Q= Uy\22T? , Fi(z.0) = 72(%])3 and Fa(z,0) = [ = 232 7T | (323)

1 -

— 2 Bz)

( 6ﬂ3 )
Considering Fi(z,w) as the Fourier Transform of a function denominated fi( z, 1), and
Fy(z,w) as the Fourier Transform of a function denominated f>( z #-1), using the

convolution theorem, we obtain:
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U(z,T) = i O[ fi(z.0)fy(z.t —D)dr > OF (2, 0)F, (z,00) (3.24)

So,

1 ! 7’
fi(z,7) =[ 2 12 xexp(— f) (3.25)
477(70+51822) 4(70"'5:822)
This expression was obtained using the moment theorem. And
_ .
2 2
1
f,(z,t—7) %[ g2 | Dbessenk, 332 —%
. 3 . 7 3 3
B2 | GC B2 3 (- B2y
6 6 6
) (3.26)

This last expression was obtained by Matlab, solving ifourier (exp(-jaw’)) where

a=é Bz (3.27)
besselk, (1) = ﬂ(é)Ui(]/) (3.28)
3 y
3
PR P (3.29)
T e
3 2
r=G? (3.30)
2
So, finally U(z,T) becomes
2 2
U(Z,T)zzlgf 21 x% 11 —dr| — i — | x 33 - Ui(iz)idr
Vs . i ) 1 2
T 4rC B | T B | GE BN || O
(3.31)

This integral has no analytical solution; its solution is numerical, substituting the

variables z and t and the constants U, Ty, B, and B3 .
Pulse evolution along the fiber depends on the relative magnitudes of B, and B3, which

in turn depend on the deviation of the optical wavelength Ay from Ap. At Ay =Ap, B2 =0,
and typically B3 = 0.1 ps’/km. The TOD effects play a significant role only if L p< Lp or
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To|B2/ B3| < 1. When the bit rate exceeds 10 Gb/s, both GVD and TOD have to be

considered.

Fig. 3.3 shows the pulse shapes at z = 6L, for an initially unchirped Gaussian pulse for
B2 = 0 (red curve). Whereas a Gaussian pulse remains Gaussian when only the B, term
contributes to GVD (Fig. 3.1), the TOD distorts the pulse such that it becomes
asymmetric with an oscillatory structure near one of its edges. In the case of positive 3

shown in fig. 3.1, oscillations appear near the trailing edge of the pulse.
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Figure 3.3: Pulse shapes at z = 6L ,, of an initially Gaussian pulse at z= 0 (blue curve) in the

presence of higher-order dispersion. Red curve shows the effect of finite 3; when 3,= 0.

However, these oscillations damp significantly even for relatively small values of 3.

Fig. 3.4 shows the effect of TOD for super-Gaussian pulses.
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Figure 3.4: Pulse shapes at z = 4L’ ;, of an initially Super-Gaussian pulse at z = 0 (blue curve) in

the presence of higher-order dispersion. Red curve shows the effect of finite f; when B, = 0.

Equation (3.31) can be used to study pulse evolution for other pulse shapes (without

chirp). Fig. 3.5 shows evolution of an unchirped Gaussian pulse at f3=0.1.
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Figure 3.5: Evolution of a Gaussian pulse along the fiber length for the case of B, > 0 and ; =
0.1.

3.4 Dispersion Management Techniques

In a fiber-optic communication system, information is transmitted over a fiber by using
a coded sequence of optical pulses whose width is set by the bit rate B of the system.
Dispersion-induced broadening of pulses is undesirable as it interferes with the
detection process and leads to errors if the pulse spreads outside its allocated bit slot
(Ts= 1/B). Clearly, GVD limits the bit rate B for a fixed transmission distance L [6].
The dispersion problem becomes quite serious when optical amplifiers are used to
compensate for fiber losses because L can exceed thousands of kilometers for long-haul

systems.

When the bit rate of a single channel exceeds 100 Gb/s, the pulse spectrum becomes
broad enough that it is difficult to compensate GVD over the entire bandwidth of the
pulse (because of the frequency dependence of ;). The simplest solution to this
problem is provided by fibers, or other devices, designed such that both 3, and B3 are
compensated simultaneously. For a fiber link containing two different fibers of lengths

L, and L,, the conditions for broadband dispersion compensation are given by
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Boly + Py Ly, =0and 5y, L + B, L, =0 (3.32)
where 3, jand B3 ; are the GVD and TOD parameters for fiber of length L; (j = 1,2).

There are several types of dispersion management techniques. Among them two of the

techniques are evaluated in our thesis.

3.4.1 Dispersion Compensating Fiber (DCF)

A common method for managing dispersion is to combine two or more types of single-
mode fiber to produce the desired dispersion over the entire link span. The total dispersion
can be set at virtually any value as the contributions from different components may have
opposite signs (i.e. either positive or negative) and hence they can partially, or completely,
cancel each other. Dispersion-compensating fibers can be either placed at one location or
distributed along the length of the fiber link. It consists of combining fibers with different
characteristics such that the average GVD of the entire fiber link is quite low while the
GVD of each fiber section is chosen to be large enough to make the four-wave-mixing
effects negligible. In practice, a periodic dispersion map is used with a period equal to
the amplifier spacing (typically 50—100 km). Amplifiers compensate for accumulated
fiber losses in each section. Between each pair of amplifiers, just two kinds of fibers,
with opposite signs of 3, are combined to reduce the average dispersion to a small

value. When the average GVD is set to zero, dispersion is totally compensated.

The implementation of fiber dispersion compensation can be done at the transmitter, at
the receiver or within the fiber link. A typical transmission fiber consisted of the
standard single mode fiber (SSMF) with anomalous dispersion with D = 16 ps/(km-nm)
and the DCF with values of D = -100 ps/(km-nm) placed at the optical amplifier site
with an amplifier at the end of each span as shown in fig. 3.6. The use of DCF for
dispersion compensation was first proposed in 1980, but due to the high loss of DCFs,
this technique was not applied in practice until 1990s when the Erbium-doped fiber
amplifier (EDFA) was presented.

@ @, e
S5hAF OCF
Length = 50 km Length =% km EDF A

Figure 3.6: A transmission span for DM system.
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Single-mode DCFs suffer from several problems. First, 1 km of DCF compensates
dispersion for only 8—10 km of standard fiber. Second, DCF losses are relatively high
in the 1.55-um wavelength region (a = 0.5 dB/km). Third, because of a relatively small
mode diameter, the optical intensity is larger at a given input power, resulting in

enhanced nonlinear effects.

Most of the problems associated with a single-mode DCF can be solved to some extent
by using a two-mode fiber designed with values of J such that the higher-order mode is
near cutoff (V' = 2.5). Such fibers have almost the same loss as the single-mode fiber
but can be designed such that the dispersion parameter D for the higher order mode has
large negative values. Indeed, values of D as large as -770 ps/(km-nm) have been
measured for elliptical-core fibers. A 1-km length of such a DCF can compensate the
GVD of a 40-km-long fiber, adding relatively little to the total link loss. An added
advantage of the two-mode DCF is that it allows for broadband dispersion
compensation. However, its use requires a mode-conversion device capable of
transferring radiation from the fundamental to the higher-order mode supported by the
DCEF. Several such all-fiber devices have been developed. As an alternative, a chirped

fiber grating can be used for dispersion compensation.

3.4.2 Fiber Braggs Grating (FBG)

Dispersion compensating fiber (DCF) is currently used as the standard solution for
dispersion compensation in long-haul transmission links, since it yields colorless, slope
matched dispersion cancellation with negligible cascading impairments. However, DCF
is also limited in optical input power to avoid nonlinear impairments, has a relatively
high insertion loss and is bulky. Chirped FBGs could possibly replace DCF as the
standard solution for in-line dispersion compensation. Chirped FBGs have a negligible
nonlinearity, low insertion loss and small size. Wavelength Division Multiplexing
(WDM) systems where multiple light signals at different frequencies are
simultaneously launched in an optical fiber, the highly-selective filtering capabilities of
Bragg gratings combined with its all-fiber configuration and flexibility make this
technology an ideal candidate. For telecommunication applications, FBG-components
have already been used for purposes such as pump laser stabilizers to improve the

performances of pump lasers in optical amplifiers, gain flattening filters to equalize the
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gain of optical amplifiers, highly selective filters for channel selection in dense WDM
systems and chromatic dispersion compensators for temporal pulse shaping in long-

haul and/or high bit rate systems.
A fiber Bragg grating consists of a periodic modulation of the index of refraction along

core of an optical fiber thus creating a wavelength-selective mirror as presented in fig.

3.7.
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Figure 3.7: Principle of operation of FBG.

FBGs are created by the exposition of a photosensitive fiber to an intensity pattern of
UV light. In its basic form, the resulting grating reflects selectively the light guided by
the optical fiber at the Bragg wavelength given by:

AB =2nA (3.33)
where n and A are the effective index of refraction of the fiber and the pitch of the
grating in the fiber. A uniform grating can be represented by a sinusoidal modulation of

the refractive index of the fiber core given by:

n(z)=n,, +o(n)[l+cos(2zz+¢(z)] (3.34)
where ncore 1s the unexposed core refractive index and on is the amplitude of the photo-
induced index change. Using coupled mode theory, one can deduced the maximum
reflectivity of a uniform grating at the Bragg wavelength:

R}, =tanh’[ZX] (3.35)
where L is the grating length and 7 is the fraction of the fiber mode power contained by
the fiber core. One can see that depending on the refractive index change profile and
intensity in the fiber combined with the pitch of the grating profile, numerous types of

functions can be devised.
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3.5 Numerical Methods for Solving NLS equation

The NLS equation is a nonlinear partial differential equation that does not generally
lend itself to analytic solutions except for some specific cases in which the inverse
scattering method can be employed. A large number of numerical methods can be used
for this purpose. These can be classified into two broad categories known as: (i) the
finite-difference methods; and (ii) the pseudospectral methods. Generally speaking,
pseudospectral methods are faster by up to an order of magnitude to achieve the same
accuracy. The one method that has been used extensively to solve the pulse-
propagation problem in nonlinear dispersive media is the split-step Fourier method. The
relative speed of this method compared with most finite-difference schemes can be
attributed in part to the use of the finite-Fourier-transform (FFT) algorithm. This
section describes various numerical techniques used to study the pulse-propagation
problem in optical fibers with emphasis on the split-step Fourier method and its

modifications.

3.5.1 Split-Step Fourier Method
To understand the philosophy behind the split-step Fourier method, it is useful to write
equation formally in the form

oA

= = (D + N)HYA (3.36)

where D is a differential operator that accounts for dispersion and absorption in a

linear medium and N is a nonlinear operator that governs the effect of fiber

nonlinearities on pulse propagation. These operators are given by

Ao i & PO«

= —— 3.37
2 oT* 6 o717 2 (3.37)

~ 0 oAl
N=iv(| AP +—— L (AP A-1 3.38
r(| 4] oA T (4) [ ) (3.38)

In general, dispersion and nonlinearity act together along the length of the fiber. The
split-step Fourier method obtains an approximate solution by assuming that in
propagating the optical field over a small distance /4, the dispersive and nonlinear
effects can be pretended to act independently. More specifically, propagation from z to

z+ h is carried out in two steps. In the first step, the nonlinearity acts alone, and D =0

in Eq. (3.36). In the second step, dispersion acts alone, and N = 0 . Mathematically,
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A(z+h,T) = exp(hD)exp(hN) A(z,T) (3.39)
The exponential operator exp(h[)) can be evaluated in the Fourier domain using the

prescription
exp(hD)B(z,T) = F ' exp[hD(iw)F, B(z,T)] (3.40)

where FT denotes the Fourier-transform operation, D(iw)is obtained from Eq. (3.40)
by replacing the differential operator 0 =0 T by iw, and ® is the frequency in the
Fourier domain. As D(i®)is just a number in the Fourier space, the evaluation of Eq.

(3.40) 1s straightforward. The use of the FFT algorithm makes numerical evaluation of
Eq. (3.40) relatively fast.
To estimate the accuracy of the split-step Fourier method, we note that a formally exact

solution of Eq. (3.36) is given by
A(z+h,T)=exp[W(D+ N)]A(z,T) (3.41)
If N is assumed to be z independent. At this point, it is useful to recall the Baker—

Hausdorff formula for two non-commuting operators 5 and b.

exp(a)exp(b) = exp(a+b +1[a,b]+%[a—b,[a,b]]) (3.42)
where [g,b]=ab —ba A comparison of Egs. (3.40) and (3.42) shows that the split-step
Fourier method ignores the non-commutating nature of the operators Dand N . By

using Eq. (3.42) with g =D and b=hN the dominant error term is found to result

from the single commutator %hz[ [), ]\7] Thus, the split step Fourier method is accurate

to second order in the step size /.

Dispersion Nonlinearity
only only

T

A(z,1)

z=0 = h—>
Figure 3.8: Schematic illustration of the symmetrized split-step Fourier method used for
numerical simulations. Fiber length is divided into a large number of segments of width 4.
Within a segment, the effect of nonlinearity is included at the mid-plane shown by a dashed

line.
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The fiber length is divided into a large number of segments that need not be spaced
equally. The optical pulse is propagated from segment to segment using the
prescription of Eq. (3.42). More specifically, the optical field A(z, 7) is first propagated
for a distance 4 = 2 with dispersion only using the FFT algorithm. At the mid-plane z +
h = 2, the field is multiplied by a nonlinear term that represents the effect of
nonlinearity over the whole segment length 4. Finally, the field is propagated the
remaining distance # =2 with dispersion only to obtain A(z +h ,7). In effect, the
nonlinearity is assumed to be lumped at the mid-plane of each segment (dashed lines in
Fig. 3.8). The time window should be wide enough to ensure that the pulse energy
remains confined within the window. Typically, window size is 10-20 times the pulse
width. In general, the split-step Fourier method is a powerful tool provided care is taken

to ensure that it is used properly.

3.6 Evaluating System Performances

3.6.1 Eye Diagram

The eye diagram is an overlay of many transmitted waveforms. By using a clock signal
as the trigger input to the digital sampling oscilloscope, the transmitted waveform can
be sampled over virtually the entire data pattern generated by the transmitter. Thus, all
the various bit sequences that might be encountered can be sampled to build-up a eye
diagram.

Eye pattern is called Eye diagram, since visual representation of pattern is in the shape
of an eye. Eye-pattern technique is a method, which is used to asses maximum
transmission rate of a system .Major application of eye pattern is in the optical fiber
data links. Eye pattern is measured in time domain and an oscilloscope is used to view
the effects of distorted signal. Eye pattern is combination of repeated signals samples
generated at output.

In fig. 3.9 and fig. 3.10, difference between a degraded and ideal eye pattern is shown.

L rr: 1 1 1 13
Bt s | O |
Figure 3.9: Ideal eye pattern. Figure 3.10: Degraded eye pattern.
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3.6.2 Bit Error Ratio (BER) Measurements

BER is the average probability of incorrect bit identification of a bit by decision circuit
of the receiver for a specified time interval or quantity of bits. A commonly used
criterion for digital optical receivers requires BER of less than 1x 10 Bit error rate is
defined as number of errors occurring over a certain period of time by total number of
pulses transmitted during this interval. The error rate depends on signal to noise ratio

determined by Q factor. The relation between BER and Q factor is given by

2

BER:[ V%ﬂj eQZ (3.43)

If Q factor of the system or design increases then BER decreases, means signal

received with small noise factor at receiver.

3.7 Conclusion

Mathematical and simulation analysis of GVD and TOD were presented. The evolution
of the pulse was discussed in the presence of GVD and TOD individually in the
absence of fiber loss and fiber nonlinearity. The effect of TOD is seen by applying an
analytic technique over basic pulse equation that is NLSE. This is done by the method
used by M. Miyagi [26]. The results presented in this chapter were obtained through a
numerical model of pulse propagation and were found consistent with the results
already given in the literature. These results have also shown the well known fact that it
is necessary to consider both GVD and TOD during pulse propagation through optical

fiber when bit rate exceeds over 10 Gb/s.
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Chapter 4

Simulation Tools and Models

4.1 Introduction to OptiSystem Tool

OptiSystem is an innovative optical communication system simulation package that
designs, tests, and optimizes virtually any type of optical link in the physical layer of a
broad spectrum of optical networks, from analog video broadcasting systems to
intercontinental backbones. OptiSystem is a stand-alone product that does not rely on
other simulation frameworks. It is a system level simulator based on the realistic
modeling of fiber-optic communication systems. It possesses a powerful new
simulation environment and a truly hierarchical definition of components and systems.
Its capabilities can be extended easily with the addition of user components, and can be

seamlessly interfaced to a wide range of tools.

A comprehensive Graphical User Interface (GUI) controls the optical component layout
and netlist, component models, and presentation graphics. The extensive library of
active and passive components includes realistic, wavelength-dependent parameters.
Parameter sweeps allow investigating the effect of particular device specifications on
system performance. OptiSystem is also available in two additional configurations:

* Amplifier Edition

*Multimode Edition

4.1.1 Benefits

*Rapid, low-cost prototyping

*Global insight into system performance

Straightforward access to extensive sets of system characterization data
*Automatic parameter scanning and optimization

*Assessment of parameter sensitivities aiding design tolerance specifications

*Dramatic reduction of investment risk and time-to-market
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*Visual representation of design options and scenarios to present to prospective

customers

4.1.2 Applications

OptiSystem allows for the design automation of virtually any type of optical link in the
physical layer, and the analysis of a broad spectrum of optical networks, from long-haul
systems to MANs and LANS.

OptiSystem’s wide range of applications include:

*Optical communication system design from component to system level at physical
layer

*CATV or TDM/WDM network design

*Passive optical networks (PON) based FTTx

*Free space optic (FSO) systems

*Radio over fiber (ROF) systems

*SONET/SDH ring design

*Transmitter, channel, amplifier, and receiver design

*Dispersion map design

*Estimation of BER and system penalties with different receiver models

*Amplified system BER and link budget calculations

4.2 System Set Up

The choice of modulation format has an important performance/economic tradeoft.
From a performance standpoint, the best modulation format is dictated by many system
parameters, such as system length, the fiber type, the dispersion management, and the
optical bandwidth. One of the key challenges of the system design is to transmit a pulse
shape that will survive the long transmission distance in the presence of dispersion,
fiber nonlinearity and the added optical noise from the amplifiers. Transmission based
on this simple on/off pulse scheme is referred to a unipolar pulse system. When the
shape of the light pulse used is a rectangular pulse that occupies the entire bit period,
the format is referred to as a Non-Return-to-Zero (NRZ) format. Strings of binary data
with optical pulses that do not occupy the entire bit period are described generically as
Return-to-Zero (RZ). Much attention has been focused recently on the use of RZ
signaling because of its demonstrated improved immunity to fiber nonlinearities related

to NRZ. If rectangular pulses were generated with a pulse width half the bit time, their
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spectral occupancy would be twice that of NRZ, as the first nulls in the frequency
domain would occur at +/-2B, relative to the optical carrier, and their potential spectral
efficiency would be one half that of NRZ signals. But as the RZ format occupies twice
the spectral width of NRZ format, it will be more severely effected by the chromatic
dispersion.

Single- channel 100 Gb/s transmission over SSMF and DCF with RZ modulation

format is illustrated schematically in fig. 4.1.
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Figure 4.1: Schematic Diagram of 100 Gb/s RZ pulse Dispersion Compensated System.
4.2.1 Transmitter Section
The transmitter section shown in fig. 4.2 is composed of data source, electrical driver,

laser source, amplitude modulator.
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Figure 4.2: Set up of 100 Gb/s RZ pulse used for transmission.
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Data Source:
Data Source (user-defined bit sequence generator) stimulates a bit sequences that is
user defined. In our simulation, bit sequence is 0000010000. The sequence length is
defined by:

N=TyB; (4.1)
T, is the global parameter Time window and B, is the parameter Bit rate. If the user-
defined sequence is shorter than the N, the sequence will be repeated until the length is

equal to N. Data source or logical signal is customized by bit rate, bit sequence, sample

rate, sequence length, number of samples, etc.

Electrical Pulse Generator:
Logical signal is passed to the electrical pulse generator which converts the logical
signal, a binary sequence of zeros and ones into an electrical signal. In this transmitter
set up, RZ pulse generator has been used. Properties of RZ pulse generator are shown
in table-1.

Table 1: Properties of RZ Pulse Generator

Disp Hame Value Units Mode
Rectangle shape Saussian Mormal
I | Amplitude 1iauw MNormal
I~ |Bias - MNormal
[T | Duty cycle 0.5  bit MNormal
I~ | Position 0 : bit MNormal
I~ | Rise time 0.05 : it Mormal
I~ | Fall time 0.05 : it Mormal

According to the parameter Rectangle shape, this model can produce pulses with
different edge shapes such as exponential, Gaussian, linear and sine. In our simulation,

we have used Gaussian shape which is defined as

l—exp(—i)z,OSt< t
Cr

Lt <t<t,
E(t)= t (4.2)
exp(——)’,t, <1<t

Cf
0,¢, <t<T

where c; is the rise time coefficient and c¢ is the fall time coefficient. t; and t,, together

with ¢, and cf, are numerically determinate to generate pulses with the exact values of
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the parameters Rise time and Fall time. t. is the duty cycle duration, and T is the bit
period.

Laser Source:

Laser source provides transmission at 1550 nm laser emission frequency. In the
simulation, CW laser has been used. CW laser generates a continuous wave (CW)

optical signal. Properties of CW laser are given in the following table 2.

Table 2: Properties of CW laser

Polarization . Simulation . MNoise . Random numbers ]

Disp Hame Value Units Mode

[+ | Frequency 1550 inm Normal

v | Power 1 ] Bl mw Swesp

[ | Linewidth 0.1 : MH=z Mormal

[~ |Initial phase 0 ideg Mormal
Amplitude Modulator:

The output from electrical driver and laser source is passed to an amplitude modulator.
The Mach-Zehnder (MZ) modulator is an intensity modulator based on an
interferometric principle. It consists of two 3 dB couplers which are connected by two
waveguides of equal length. By means of an electro-optic effect, an externally applied
voltage can be used to vary the refractive indices in the waveguide branches. The
electrical input signal is normalized between 0 and 1. MZ modulator has the following

properties:

Table 3: Properties of MZ modulator

Simulation
Hame Value Units Mode
[T | Extinction ratio 30ide Mormal
[ | Hegative signal chirp r Mormal
[ | Symmetry factor -1 Mormal

4.2.2 Optical Link Section:

The optical signal MZ external modulator is passed through the optical link section.
The optical link is composed of different spans of 50 Km SSMF, 8§ Km DCF for
dispersion compensation and in-line EDFA for loss compensation and loop control as

shown in fig. 4.3.
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Figure 4.3: Components of Optical Link Section.
Optical Fibers:

The optical fiber component simulates the propagation of an optical field in a single-

mode fiber with the dispersive and nonlinear effects taken into account by a direct

numerical integration of the modified nonlinear Schrodinger (NLS) equation (when the

scalar case is considered) and a system of two, coupled NLS equations when the

polarization state of the signal is arbitrary. The optical sampled signals reside in a

single frequency band, hence the name total field. The parameterized signals and noise

bins are only attenuated.

The properties of different types of fibers are shown below

(i) SSMF:
Table 4: Properties of SSMF Fiber

Hﬂlﬂ Disp... | PMD | Monl.. | Mum.. | Gr.. | Simu.. | Moise | Rand...

lsp Hame 1l.l’.=.l_lu-.=-. Units Mode
[ | User defined reference w v Normal
[T | Reference wavelength 1550 : nm Mormal
[¥ | Length 100 £ km Normal
[ | Attenuation effect 2 Normal
[ | Attenuation data type Constant Mormal
[T | Attenuation 0.2 { dBkm Normal
[T | Attenuation vs. wavelengt | Aftenuation. dat = MNormal
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Lisp Hame ‘u"ilue Units Mode
[T | Group velocity dispersion [+ Normal
[T | Third-order dispersion [+ Normal
[T | Dispersion data type Constant Normal
[ |Frequency domain param r Normal
[ |Dispersion 16 { ps/nm/&km £ Normal
[ |Dispersion slope 0.08 { ps/nm™2% Normal
[ |Beta2 -20 § ps"2%m  ENormal
[ |Beta3 0fps"3%km Normal

D_isp Hame ‘l.l'a_lue Units Mode
[T | self-phase modulation [+ MNormal
[T |Effective area data type | Constant MNormal
[T |Effective area 80 i um"2 MNormal
[T | Effective area vs. wavelen | Effectivedrs dat [l Normal
[T | n2datatype Constant MNormal
[ |n2 2 6e-020 | m2W MNormal
[T | n2vs. wavelength n2 dat [l Normal
[T | self-steepening r MNormal
[T |Full Raman Response r MNormal
[T |Intrapulse Raman Scatt. r MNormal
[T | Raman self-shift time1 142 :if= MNormal
[T | Raman self-shift time2 J:ifs Mormal
[T | Fract. Raman contribution 0.18 Mormal
[ | Orthogonal Raman factor 0.75 Mormal

(ii) DCF:
Table 5: Properties of DCF Fiber

in i|pisp.. |PMD |Nonl.. |Num. |Gr. |Simu. |Noise |Rand.. |

| Dis Hame ‘u’a_lue Units Mode
[T |user defined reference w [ MNormal
[T | Reference wavelength 1550 § nm MNormal
¥ |[Length 20 | km Normal
[ | Attenuation effect rd Mormal
[ | Attenuation data type Constant Mormal
[ | Attenuation 0.5 { dBkm Mormal
[T | Attenuation vs. wavelengt | 4ttenustion dat I Mormal

Lisp Hame ‘u’ilue Units Mode
[T | Group velocity dispersion [+ MNormal
[T | Third-order dispersion [+ MNormal
[T | Dispersion data type Constant MNormal
[T |Frequency domain param r MNormal
[T | Dispersion -80 | ps/nm/km i Normal
[T |Dispersion slope 0.08 § ps/nm*2% iNormal
[T |Betaz -20 i ps"2%&m  iNormal
[T |Beta3 0ips"3km Normal




Disp| Hame Value Units Mode
_r Self-phase modulation ﬁ MNormal
[~ |Effective area data type Constant MNormal
[~ |Effective area 23 i um*2 MNormal
[T |Effective area vs. wavelen | Effectivedra dat i Mormal
[ |n2data type Constant MNormal
[ |n2 3e-020 { m"2W Mormal
[ |n2vs.wavelength nZ dat i Normal
[ | 5elf-steepening r MNormal
[ |Full Raman Response r MNormal
[ |Intrapulse Raman Scatt. r MNormal
[T | Raman self-shift time1 142 :f= Normal
[~ |Raman self-shift time2 3:ifs Normal
[~ |Fract. Raman contribution 0.18 MNormal
[ | orthogonal Raman factor 0.75 Normal
Optical Amplifier:

An optical amplifier is a device that amplifies an optical signal directly, without the
need to first convert it to an electrical signal. An optical amplifier may be thought of as
a laser without an optical cavity, or one in which feedback from the cavity is
suppressed. There are several different physical mechanisms that can be used to
amplify a light signal, which correspond to the major types of optical amplifiers. In
doped fiber amplifiers and bulk lasers, stimulated emission in the amplifier's gain
medium causes amplification of incoming light. In semiconductor optical amplifiers
(SOA:s), electron-hole recombination occurs. In Raman amplifiers, Raman scattering of
incoming light with phonons in the lattice of the gain medium produces photons
coherent with the incoming photons. Parametric amplifiers use parametric

amplification.

Erbium-doped fiber amplifiers are the by far most important fiber amplifiers in the
context of long-range optical fiber communications; they can efficiently amplify light

in the 1.5-pm wavelength region, where telecom fibers have their loss minimum.

In the Optisystem, black box model designs Er-doped fiber amplifiers by considering
numerical solutions of the rate and the propagation equations under stationary
conditions. The model includes amplified spontaneous emission (ASE) as observed in
the amplifier Erbium Doped Fiber. However, this module allows one to select forward

and/or backward pump, as well as the pump power values.
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Three different control modes are available that allow to perform the amplifier analysis
under distinct points of view. Each mode control — gain, power control, and saturation —
defines a different amplifier operating condition. In our simulation, we have used the
gain control mode. Properties of EDFA amplifier used in the simulation are given

below-

Table 6: Properties of EDFA Amplifier

!Main [Pglarization Simulation | Moise | Random numbers

.....................

ﬂsp Hame Value Units Mode
[T | Operation mode Gain Control Mormal
¥ |Gain 30 : d5 Morma!
[T | Power 10 SdBm Normal
[ | Saturation power 10 : dBm Normal
[ | Saturation port Output Normal
[T | Include noise I Normal
[T | Hoize figure €idB Normal

ﬂsp Hame Value Units Mode
[T | Noise center frequency 1834 i THz Mormal
[T | Noise bandwidth 13 : THz Mormal
[T | Noise bins spacing 125 i GHz MNormal
[T | Convert noise bins Convert noise bins 5[ Script

Loop Control:
It allows building systems using loop structures. The loop topology starts at the Loop
output port and terminates at the Loop input port. The signal enters the Input port and

circulates in the loop N times, where N is defined by the parameter Number of Loops.

4.2.3 Receiver Section

Receiver section consists of optical filter, photo-detector and electrical filter as shown

in fig. 4.4.
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Bessel Opfical Filter Photodete ctor FIM
Freguency=1550 nm Low Pass Bescel Fiter
Bandwidt =160 GHz Cutofifrequency = 0.75 * Bitrate Hz

Figure 4.4: Components of receiver Section.
Optical Filter:
Optical filters are devices that selectively transmit light of different wavelengths,

usually implemented as plane glass or plastic devices in the optical path which are
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either dyed in the mass or have interference coatings.

Optical filters selectively

transmit light in a particular range of wavelengths, that is, colours, while blocking the

remainder. They can usually pass long wavelengths only (long pass), short wavelengths

only (short pass), or a band of wavelengths, blocking both longer and shorter

wavelengths (band pass). The pass-band may be narrower or wider; the transition or

cutoff between maximal and minimal transmission can be sharp or gradual. 100Gb/s

system is simulated using Bessel optical filter. Bessel optical filter is an optical filter

with a Bessel frequency transfer function. Properties of Bessel optical filters are given

as follows-

Table 7: Properties of Bessel optical filter

_§|Simulati0n .Noise ]

Name Value Units Mode
[ | Frequency 1550 inm MNormal
[ | Bandwidth 160 :GHz Normal
[T |Insertion loss 0ids Normal
I |Depth 100 & dB Pormal
[~ | Order ] MNormal

Photo-detector:

The incoming optical signal and noise bins are filtered by an ideal rectangle filter to

reduce the number of samples in the electrical signal. The sensitivity of a receiver can

be defined by optimizing the receiver parameters. A typical parameter of BER is10”.

Properties or pin photo-detector is shown in table-8:

Table 8: Properties of pin photo-detector

ﬂsp Name Value Units Mode
[T | Responsivity 1AW Normal
[T | Ddark current 10 i nd Normal
Main | Downsampling %NﬂiSE Random numbers ]

ﬂsp Hame Value Units Mode
[ | Hoise calculation type Numerical Mormal
[T | Add signal-ASE noise 2 Normal
[ | Add ASE-ASE noise 2 Normal
[T | Add thermal noise 2 Normal
[T | Thermal noise Te-024 : WH= MNormal
[ | Add shot noise v Normal
[T | Shot noise distribution Gaussian MNormal

Electrical Filter:

The output of the pin photo-detector is the electrical signal. This electrical signal is

filtered with low-pass Bessel electric filter in the set up. Low-pass Bessel electric filter

has the following properties:
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Table 9: Properties of low-pass Bessel electrical filter

| Disp Name Value | units Mode
[V | Cutoff frequency 0.75 * Bit rate 5l H=z Script
[T |In=sertion loss 0idB Normal
[T | Depth 100 : dB Normal
[ |Order 4 Normal

4.2.4 Visualizing Components:
At transmitter and receiver, measurements are made with the help of optical time and

spectrum analyzers, oscilloscope visualizer, eye diagram and BER analyzers.

Optical Spectrum Analyzer (OSA):
This visualizer allows the user to calculate and display optical signals in the frequency
domain. It can display the signal intensity, power spectral density, phase, group delay

and dispersion for polarizations X and Y.

Optical Time Domain Visualizer (OTDV):
This visualizer allows the user to calculate and display optical signals in the time

domain. It can display the signal intensity, frequency.

Oscilloscope Visualizer:
This visualizer allows the user to calculate and display electrical signals in the time

domain. It can display the signal amplitude and autocorrelation.

Eye Diagram Analyzer:

This visualizer allows the user to calculate and display the electrical signal eye diagram
automatically. It can calculate different metrics from the eye diagram, such as Q factor,
eye opening, eye closure, extinction ratio, eye height, mask violation ratio, etc. It can

also display histograms and standard eye masks.

BER Analyzer:

This visualizer allows the user to calculate and display the bit error rate (BER) of an
electrical signal automatically. It can estimate the BER using different algorithms such
as Gaussian and Chi-Squared and derive different metrics from the eye diagram, such

as Q factor, eye opening, eye closure, extinction ratio, eye height, jitter, etc.
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Chapter 5

Results and Discussions

5.1 Introduction

In this chapter, at first, pulse broadening due to GVD and TOD has been observed by
varying bit rates from 40 Gb/s to 160 Gb/s. Then temporal shift of pulse center position
1s investigated by varying transmission distance, bit rate, duty cycle, input pulse shape
and different transmission models for DM systems. Finally, performance of input
pulses such as Gaussian and super-Gaussian pulses is evaluated by varying bit rates
from 40 Gb/s to 160 Gb/s. Fiber chromatic dispersion, SPM and receiver noises are
assumed for the numerical calculation. DM transmission line is considered for each
scheme. A PRBS of length 2’—1 is used to propagate through the optical fiber. Finally,
FBG as TOD compensator has been used for different high bit rate systems (100 Gb/s,
160 Gb/s and 320 Gb/s).

5.2 Effects of GVD and TOD in Ultra High-Speed Optical Fiber

Communication System

Even if the transmission bandwidth is limited to a single channel, TOD causes to have
pulse ripples in ultra high-speed optical transmission systems. Fig. 5.1 shows pulse

evaluation through SSMF for 100Gb/s when when both GVD and TOD are present.
Pulse Evolution
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Figure 5.1: Pulse Evolution through SSMF when both GVD and TOD are present.
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Gaussian pulse evolution in single fiber transmission system for a transmission period
of 200 km has been numerically simulated using Matlab. The codes are included in
appendix. Pulse evolution along SSMF in the absence of noise has been observed
considering both GVD and TOD effects in fig. 5.1. It is evident from fig.5.1 that each

pulse is spreading out as it propagates down the fiber.

Effect of TOD for pulse evolution through dispersion shifted fiber (DSF) for different

bit-rates is also observed using Matlab. The numerical results are shwn in fig. 5.2.

Pulse Evolution
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I
o
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2
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Pulse Evolution

2T ATl e Bit Rate: 160Gbps
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Figure 5.2: Pulse Evolution through DSF for different bit rates.
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From, fig. 5.1 and 5.2, it is found that GVD is the main factor limiting transmission
length in high-speed optical single-mode fibre systems; it reduces significantly the
amplitude and broadens the time width of the pulses for systems operating at speeds
higher or equal to 40 Gbit/s. TOD distorts the pulse and the pulse becomes asymmetric

with an oscillatory structure near one of its edges.

5.2.1 Impact of TOD on Bit Rates

In the first simulation TOD effect is observed for the Gaussian and super-Gaussian
pulses propagating through SSMF-DCF system by varying bit rates only. Incident
power is 1 mW and duty cycle is 50%. Bit rate is varied from 40 Gb/s to 160 Gb/s.

Propagation distance was upto 2030 km.

In the simulation, third order super-Gaussian pulse has been used to reduce timing jitter
in the system. Increasing the bit rate will decrease the pulse width, thus making the bits
more sensitive to dispersion effect. With the increase of bit rates, TOD effect also
increases as TOD dispersion length (Lp3) becomes smaller than that of GVD which in

turn satisfies the condition for TOD effect i.e. Lps < Lpy as shown in fig. 5.3.

For 40 Gb/s, TOD effect is negligible as evident from fig. 5.3(a) and 5.3(b). In case of
100 Gb/s, the pulse broadens to almost 10 ps from 5 ps (FWHM) for Gaussian pulse
after transmission of 2030 km and exhibits a long oscillatory tail extending around 40
ps for both Gaussian and super-Gaussian pulse shapes as shown in fig. 5.3(c) and
5.3(d). For 160 Gb/s, pulse broadens to almost 6 ps from 3.125 ps (FWHM) for
Gaussian pulse and oscillatory tail is found on both edges of pulse which extends
around 60 ps as shown in fig. 5.3(e) and 5.3(f). It has been made clear that TOD
changes DM system’s group velocity, leads to emission continuum radiation, and
makes pulse’s shape asymmetric. Effect of TOD is dominant in case of super Gaussian

pulse shape as it has steeper leading and trailing edges than those of Gaussian pulse.
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Figure 5.3: Pulse Propagation through SSMF-DCF at transmission distance of 2030 km for (a)
40 Gb/s Gaussian (b) 40 Gb/s Super Gaussian (c¢) 100 Gb/s Gaussian (d) 100 Gb/s Super
Gaussian (e) 160 Gb/s Gaussian (f) 160 Gb/s Super Gaussian.

5.3 Effect of TOD on Pulse Center Position

5.3.1 Changes of Pulse Center Position for Different Bit Rates

In second simulation we compare the temporal shift of pulse center of RZ Gaussian
pulses with duty cycle of 50% in DM system by increasing the bit rate from 40 Gb/s to
160 Gb/s to check the effects of TOD. At first, impact of pulse center position was

47



observed for Gaussian and super-Gaussian pulse shapes considering only GVD effect

for a particular bit rate. Then the same outcome was observed considering both GVD

and TOD effects for the corresponding bit rate. The results are shown in fig. 5.4.
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Figure 5.4: Changes of pulse center position with variations of propagation distance- (a) 40

Gb/s RZ Gaussian (b) 100 Gb/s RZ Gaussian (c¢) 160 Gb/s RZ Gaussian pulses.

With the change of bit rates, pulse center position remains unchanged when only GVD

is considered for pulse propagation. But, when TOD is considered, pulse center

position changes with the variation of transmission distance.

The effect of TOD on pulse center position is shown in fig.5.4. For 40 Gb/s, pulse

center shifts to 2.926 ps for RZ Gaussian pulse and 2.123 ps for super-Gaussian pulse

after transmission distance of 2030 km. It implies that TOD causes the temporal right

shift of the optical pulses from its initial position for the changes of transmission
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distance which can also be verified by the equation used (3.31). Variations of pulse
center position increases with the increase of bit rates and this effect dominates slightly
more on Gaussian pulse shape rather than super-Gaussian pulse as shown in fig. 5.5.
For 100 Gb/s and 160 Gb/s Gaussian pulses these variations are 4.9196 ps and 4.984 ps,
respectively and 4. 931 ps and 4.977 ps, respectively for super-Gaussian pulses as

shown in fig. 5.3(b) and 5.3(c). Summary of the results are shown in table-10.

Table-10: Change of pulse center position (ps)

Gaussian Super Gaussian
B (Gb/s) GVD only GVD+TOD GVD only GVD+TOD
40 0 2.926 0 2.123
100 0 4.9496 0 4931
160 0 4.984 0 4.977
E 12 —4=—Gaussian
E 10 == Super Gaussian
2
n &
@
£ °
@
O
@
i
a 2
D T T T 1
0 50 100 150 200

B (Gb/s)

Figure 5.5: Changes of pulse center position with variations of bit rates for RZ Gaussian and
super Gaussian pulses.

However, for higher bit rates O-factor of Gaussian pulses is better than that of super-

Gaussian pulses at a particular distance of 2030 km. The results are shown in table-11.
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TABLE-11: BER AND Q-FACTOR FOR DIFFERENT INCIDENT PULSES WITH

DIFFERENT BIT RATES
Transmission Distance = 2030 km
100 Gb/s 160 Gb/s
Pulse Shape
Q(B) |BER Q(dB) |BER
Gaussian 7.24 2.24x107° | 6.732 6.99x10"
Super Gaussian | 6.12 43x10"7° | 5.832 1.84x10”

5.3.2 Changes of Pulse Center Position for the Variation of Duty Cycles

In the next simulation, the shift of pulse center position due to TOD has been observed
for 100 Gb/s RZ Gaussian pulse by varying duty cycles (D) from 20% to 80% and
transmission reach as shown in fig. 5.6. Here, SSMF-DCF model has been used with
total transmission distance of 2030 km and input power of 1 mW. At 20% and 40%
duty cycles of RZ pulse, pulse center varies 5.1527 ps and 5.1442 ps respectively.
However, at higher duty cycle i.e. when D is more than 50%, these variations become
comparatively less as pulse width is more, so TOD effect will be comparatively less .
Fig. 5.6 shows that for D = 60% and 80%, pulse center shifts 4.8231 ps and 4.2444 ps

respectively for 2030 km variation of distance.
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Figure 5.6: Variation of pulse center position with transmission distance varying duty cycle

(D) of 100 Gb/s RZ Gaussian pulse.
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Fig.5.7 depicts clearly the temporal shift of RZ Gaussian pulse center position with D
for transmission reach of 2030 km. Here, it is observed that the shifting reduces with
the increase of D for a particular bit rate. This can be explained using a simple example.

For example, if bit rate = B, Filter width = Fy,, Duty cycle = D, then

Symbolrate, S =— ... (5.1)
E,
Time slot, 7, = L = L (5.2)
S B

. F
FWHM time, T,,,,, =T. ><D=?><D ................................. (5.3)

" . . yj— F
Initial Gaussian pulse width, 7 = = - Do (5.4)

X
1.665 1.665xB

From equation (5.4), we can say that initial pulse width is proportional to the duty
cycle. As a result, with the increase of duty cycle pulse width increases as a result TOD

effect is relatively less which in turn reduces the temporal shift of RZ Gaussian pulse.
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Figure 5.7: Variation of pulse center with varying duty cycle (D) for 100 Gb/s RZ Gaussian

pulse.

5.3.3 Changes of Pulse Center Position for Different Fiber Types
Again, pulse center position also varies with the propagation of different types of pulses

and fibers for same bit rate. Fig. 5.8 depicts these variations.

In the next simulation, different types of fibers have been utilized to observe the time

shifting of pulse center position of received pulse due to impact of TOD for 100 Gb/s
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Rz Gaussian pulse. When NZDSF-DCF is used, variation of pulse center position is
comparatively lower than that of SSMF-DCF as shown in fig. 5.8.
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Figure 5.8: Pulse center position versus propagation distance for different fiber types of
100Gb/s.

5.4 TOD Compensation

When the bit rate of a single channel exceeds 100 Gb/s, one must use ultrashort pulses
(width ~ 1 ps) in each bit slot. For such short optical pulses, the pulse spectrum
becomes broad enough that it is difficult to compensate GVD over the entire bandwidth
of the pulse (because of the frequency dependence of 3;). The simplest solution to this
problem is provided by fibers, or other devices, designed such that both B, and ; are
compensated simultaneously. However, for a 1-ps pulse, it is sufficient to satisfy Eq.
(B21L; + B22La = 0) over a 4-5 nm bandwidth. This requirement is easily met for DCFs,
especially designed with negative values of B3 (sometimes called reverse-dispersion
fibers). In this report, we have used DCF and FBG for compensating the GVD and
TOD effects.

5.4.1 Dispersion Compensation using DCF

In our simulation, we have used two models for dispersion-managed (DM) transmission
systems. One model consists of SSMF and DCF. In another model, NZDSF is followed
by DCF. Fig. 5.9 shows the schematic diagram of SSMF-DCF model.
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Figure 5.9: Schematic diagram of SSMF-DCF dispersion-managed transmission system.

The following fiber parameters are given for the simulation process:

Table 12: Simulation Parameters of SSMF-DCF

BER Analyzer

(Csciloscope Visuslzer

Parameters SSMF DCF
Reference wavelength, A (nm) 1550 1550
Length, L (km) 50 8
Attenuation, ogg (dB/km) 0.2 0.5
Dispersion, D (ps/nm-km) 16 -100
Dispersion slope, S (ps/nm-km) 0.08 0.08
Difterential group delay (ps/km) 0.2 0.2
Effective area, At (umz) 80 23
Nonlinear refractive index, n, (m”/W) | 2.6e-020 3e-020
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Simulation results for 40, 100, 160 and 320 Gb/s are given below-
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Figure-5.10: Output waveforms at different stages for B = 40Gb/s, duty cycle = 50%,

propagation distance = 1218 km - (a) input pulse, (b) After SSMF, (c) After DCF, (d) After
amplifier, (e) after electric filter at the receiver end and (f) Eye diagram at the receiver end (Q =

207.725, BER = 0).
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Figure-5.11: Output waveforms at different stages for B = 100 Gb/s, duty cycle = 50%,
propagation distance = 1218 km - (a) input pulse, (b) After SSMF, (c) After DCF, (d) After

amplifier, (e) after electric filter at the receiver end and (f) Eye diagram at the receiver end (Q =
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Figure-5.12: Output waveforms at different stages for B = 160Gb/s, duty cycle = 50%,
propagation distance = 1218 km - (a) input pulse, (b) After SSMF, (c) After DCF, (d) After
amplifier, (e) after electric filter at the receiver end and (f) Eye diagram at the receiver end (Q =

6.92636, BER =2.316x10™).
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Figure-5.13: Output waveforms at different stages for B = 320 Gb/s, duty cycle = 50%,
propagation distance = 1218 km - (a) input pulse, (b) After SSMF, (c) After DCF, (d) After
amplifier, (e) after electric filter at the receiver end and (f) Eye diagram at the receiver end (Q
=2.82599, BER = 1.927x107).

From the above figures (5.10 to 5.13), we can say that as the bit rate increases both

second order and third order dispersion dominant. Second order dispersion effect can

be easily compensated using DCF. But DCF cannot minimize the TOD effects, as a
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result some ripples still present in the electrically filtered output waveforms. Again,
values of Q and BER degrade with the increase of data rate. High Q factor shows that
the signal is less immune to noise and received signal is similar to input signal with less
noise.

Our second model consists of NZDSF and DCF. Schematic diagram using OptiSystem
is shown in fig. 5.14.
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Figure 5.14: Schematic diagram of NZDSF-DCF dispersion-managed transmission system.

The following fiber parameters are given for the simulation process:

Table 13: Simulation Parameters of NZDSF-DCF

Parameters NZDSF DCF
Reference wavelength, A (nm) 1550 1550
Length, L (km) 57.5 2.5
Attenuation, ogs (dB/km) 0.2 0.5
Dispersion, D (ps/nm-km) 4.5 -100
Dispersion slope, S (ps/nm”-km) 0.07 0.08
Differential group delay (ps/km) 0.2 0.2
Effective area, Acsr (um’) 70 23
Nonlinear refractive index, n, (m”/W) | 2.6e-020 3e-020

58



Simulation results for 40, 100, 160 and 320 Gb/s are given below-

i 100p  200p  300p  400p  S00p  BODp
el B ’_‘ _E
a - o
f=u i =
= =}
o - 00
=5 =N
o4 - O
g2 2
g
g2 =y
= =}
- . T
=5 -
o4 - O
= =
= &
= =
i 100p  200p  300p  400p  S00p  GOOp
Time (=)
(a)
0 100p  200p  300p  400p  S00p DO
2] o
) =
2] =
=) o
HES a
s =
o
a
a
o
b L
o o
0 i00p  200p 300p  400p  500p  GOOp
Time (s}
(©)
a
o4
=
o
3
"o
23]
g
<
a
o4
f=1
=
.
=
i 100p  200p 300p  400p  S00p  GOOp
Time (=)

(e)

0 100p  200p  300p  4D0p  SDDp 60D

a o

5
g
o
o
=7 o
] 100p  200p 300p  400p  500p BOOp
Time (s)

0 100p  200p  300p  400p  s00p  EDOp
E_ E
a a
ol -0
=] o

g8 g

£

]

& o a
o4 o
=1 =1
i o]
a a
o1 .o
=] =1
& =

0 100 p 200 p 300p 400 p 300 p 600 p

Time (s)
us 1

2 =}

o 2

g :

szl E

g% E
£
g
<

= g

= =4

g 2

=

o o

Figure-5.15: Output waveforms at different stages
propagation distance = 1218 km- (a) input pulse, (b) After NZDSF, (c) After DCF, (d) After

0.5
Time (bit period)

®

for B = 40Gb/s, duty cycle =

50%,

amplifier, (e) after electric filter at the receiver end and (f) Eye diagram at the receiver end (Q

=198.937, BER =0)
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Figure-5.17: Output waveforms at different stages for B = 160 Gb/s, duty cycle = 50%,

propagation distance = 1218 km- (a) input pulse, (b) After NZDSF, (c) After DCF, (d) After

amplifier, (e) after electric filter at the receiver end and (f) Eye diagram at the receiver end (Q
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Figure-5.18: Output waveforms at different stages for B = 320Gb/s, duty cycle = 50%,
propagation distance = 870km(a) input pulse, (b) After NZDSF, (c) After DCF, (d) After
amplifier, (e) after electric filter at the receiver end and (f) Eye diagram at the receiver end (Q
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From the above figures (5.14 to 5.18), we can say that as the bit rate increases both

second order and third order dispersion dominant. Second order dispersion effect can
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be easily compensated using DCF. But DCF cannot minimize the TOD effects, as a
result some ripples still present in the electrically filtered output waveforms. Again,
values of Q and BER degrade with the increase of data rate. High Q factor shows that
the signal is less immune to noise and received signal is similar to input signal with less

noise.

5.4.2 TOD Compensation using FBG

Second order dispersion can be compensated using DCF. But it cannot compensate
TOD. So, FBG has been used to compensate TOD effect. In our simulation, we have
used SSMF which is followed by FBG. Schematic diagram of SSMF-FBG transmission

system is shown in fig. 5.19.
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Figure 5.19: Schematic diagram of SSMF-FBG dispersion-managed transmission system.

The following fiber parameters are given for the simulation process:

Table 14: Simulation Parameters of SSMF-FBG

Parameters SSMF
Reference wavelength, A (nm) 1550
Length, L (km) 100
Attenuation, a4 (dB/km) 0.2
Dispersion, D (ps/nm-km) 16
Dispersion slope, S (ps/nm’-km) 0.08
Differential group delay (ps/km) 0.2
Effective area, Acy (um®) 80
Nonlinear refractive index, n, (m*/W) 2.6e-020
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Parameters FBG
Frequency (THz) 193.1
Bandwidth (THz) 1

Insertion loss (dB) 0

Depth (dB) 100
Dispersion (ps/nm) -1598 ~ 1605

Simulation results for 40, 100, 160 and 320 Gb/s are given below-
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Figure-5.20: Output waveforms at different stages for B = 40Gb/s, duty cycle = 50%,
propagation distance = 1000km- (a) input pulse, (b) After amplifier, (c) after electric filter at

the receiver end.
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Figure-5.22: Output waveforms at different stages for B = 160 Gb/s, duty cycle = 50%,
propagation distance = 300km- (a) input pulse, (b) After amplifier, (c) after electric filter at the

receiver end.
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Figure-5.23: Output waveforms at different stages for B = 320 Gb/s, duty cycle = 50%,
propagation distance = 100km- (a) input pulse, (b) After amplifier, (c) after electric filter at the

receiver end.

From the above figures (5.20 to 5.23), it can be said that TOD can be compensated
using FBG. FBGs have a negligible nonlinearity, low insertion loss and small size. The
in line dispersion is compensated using a real grating component for a 100 km fiber.
The results are validated by comparing the Q factor of the FBG simulated model for
before compensation and after compensation. The simulation results are shown in

Table.15.

Table 15: Simulation Results for the FBG dispersion compensation for PIN receiver

FBG for pin receiver Before Compensation (Only After Compensation
SSMF, d = 0.5km) (SSMF-FBG, d = 100km)

Q factor (dB) 2.87371 4.67556

BER 2.01625x107 4.33387x107
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5.5 Conclusion

TOD effect is evaluated by varying bit rates, transmission distances, duty cycles, pulse
shapes and different transmission models for dispersion-managed system using
OptiSystem. Temporal shift effect of TOD increases with the increment of transmission
distances and bit rates and decreases with the increase of duty cycle for a particular DM
system. SSMF-DCF system can compensate only GVD. SSMF-FBG system can
compensate both GVD and TOD for ultra high speed optical fiber communication

system.

68



Chapter Six

Conclusion

6.1 Summary

This thesis dealt with analysis of TOD effect on ultra-high bit rates in optical fiber
system. TOD effects have disadvantages in the form of limiting the transmission rate of
transmitted signal in the system. Initially, the theoretical analysis and comparison of
TOD effects has been presented and then the effects has been practically compared
with the theoretical analysis of TOD effects by simulating the design models in
OptiSystem tool and compared these effects against each other with respect to Q factor.
Later on, short modeling of numerical analysis of nonlinear Schrodinger equation using
Split step algorithm is done to analyze the effects of nonlinearity in fiber, which is
coded and optimized in Matlab. TOD effect is evaluated by varying bit rates,
transmission distances, duty cycles, pulse shapes and different transmission models for

dispersion-managed system using the simulations in OptiSystem.

Chapter two provides a brief description about the impact of different transmission
impairments of optical fiber communication system. Linear impairments such as
attenuation and fiber dispersion are discussed here. Also different types of nonlinear

impairments such as SPM, XPM, SBS, SRS and FWM are explained in this chapter.

The fundamental equation for optical pulse propagation in a fiber has been introduced
considering a Gaussian solution of NLS equation in chapter three. Analytical
calculation of pulse broadening and changes of pulse shapes due to GVD and TOD on
RZ Gaussian pulse have been explained. Then we used the numerical method, SSFM to
check the results observed by the analytic technique. Both this techniques are described

in this chapter for dispersion management system.

The simulation model using OptiSystem has been presented in chapter four. Dispersion

compensated system model has three parts- transmission section, optical link section
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and receiver section. Components of the each section were also conferred in this

chapter.

Simulation results are discussed in chapter five. First, the specification of the different
models used for our simulations have been discussed. Then the analytic and numerical
plots are given for these models with respect to different parameters. Two different
models are used to explore the TOD effect for different high bit rate systems, duty
cycle, dispersion map strength and fiber types for dispersion managed transmission
system. One model consists of SSMF and DCF. In another model, NZDSF is followed
by DCF. We have also observed the time-shift without and with TOD. The TOD
compensation technique using fiber Bragg’s grating for ultra-high speed optical

communication system was also used.

From the results obtained, it can be concluded that the presence of the TOD causes
pulse expansion as well as introduces an additional temporal shift to each pulse.
Oscillatory tail due to TOD might be a major limiting factor in the way to realize long-
haul high speed transmission systems. With the increase of bit rate, temporal shift of
pulse center increases. Pulse center position also changes with the variation of duty
cycles, pulse shapes and fiber types. However, these impairments could be mitigated by
properly designing DM transmission systems along with consideration of other
parameters. As far as real environment is considered, performance of RZ Gaussian
pulse using SSMF-DCF system is better than NZDSF-DCF for ultra-high speed if both
GVD and TOD effects are considered. But SSMF-DCF system cannot completely
diminish the TOD effects. Performance of SSMF-FBG is satisfactory while considering
both GVD and TOD for high bit rate.

6.2 Future work

In this thesis we have investigated optical pulse propagation in dispersion managed
system. Only self-phase modulation, second and third order dispersion effects, fiber
loss, ASE noise and receiver noises are considered here. So this investigation needs
further modification by considering other nonlinear effects. Again, we have only
considered single channel fiber transmission and dispersion management system.

Corresponding transmitter and receiver and other supporting devices should be
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designed accordingly with this kind of dispersion managed system which we did not
study in this thesis. So there are a lot of investigations yet to be done in this area.
Further optimization of the designs can be achieved for higher bit rates such as 320

Gb/s or more.

With increasing bit rate, TOD effect is going to be more dominant in transmission line
and contributing error along with the other errors. So, the TOD effect must be
investigated for these high speed lines and also for different kinds of modulation
formats (DPSK, DQPSK, QPSK etc.). All the designs were not physically implemented
(using hardware) due to insufficient resources. In future, physically implementation can
be done and compare the results of simulations with the results of physical

implementation.
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Appendix

% Program to simulate propagation of SMF + DCF, no fiber loss and without TOD
clear all;

close all;

niter=10; % value set to save the pulse data

gammal = 1.2667;

gamma?2 = 6.40053;

gvdl =-21.6676;

gvd2 =+127.4566;

%%%%%Fiber

L1 =43; % anomalous dispersion length of the fiber

L2 =7.31; % normal dispersion length of the fiber

ave gvd=(gvd1*L1+gvd2*L2)/2 % average dispersion

FWHM = 3.125;

largo = FWHM/1.665; %calculation of Gaussian pulse width
%%0%%%%%%%%%%%% pulse initialization %%%%%%%%%%%%
S = (L2*gvd2-L1*gvdl)/FWHM"2

EO=1; % pulse energy in PJ

peako=sqrt(2/pi)*E0/largo; % peak amplitude of Gaussian pulse

fmax=160/(2*pi*largo); % maximum frequency

coef dz=10.e-2; % a fraction useful to set spatial steps
T0 = 800; % temporal window

nt = 1000; % Number of possible points

dt=0.2;

%%%%%6%%%%%%%%%% initialization of time and frequency points
df=1/T0;

fmax=1.0/(2.0*dt);

dw=2*pi*df;

wmax=2*pi*fmax;

% Definition of temporal and frequency variables

nl=nt/2;n2=nl-1; mil=nl+1;

t=(-n1:n2)*dt; h=dt;

w=(-nl:n2)*dw;

75



f=w/(2*pi);
ul=sqrt(peako).*exp(-t."2/largo”2); % initial Gaussian pulse
UU =ul;
% nonlinear fiber lengths
L NLI1=1/(gammal*peako);
L NL2=1/(gamma2*peako);
L Dl=largo”2/abs(gvdl); % anomalous dispersion length
L D2=largo”2/abs(gvd2); % normal dispersion length
zstepl=coef dz;
zstep2=coef dz;
fmax=1/(2*dt);

% calculation of spatial step sizes
npt1=2*round(0.5*L1/zstepl);
zstepl=L1/nptl;
npt2=round(L2/zstep2);
zstep2=L2/npt2;

z=0; % 1nitial point of the fiber
lil=1;
zz(lil)=z; %saving of spatial data

U=ul;
for 1i2=1:1 % propagation for only one dispersion map
% first-half of anomalous dispersion fiber
for indice=1:npt1/2
%%%% re-assinging new variables %%%%%%%%
beta2=gvdl;
gamma=gammal ;
dz=zstepl;
disper=exp(+i*beta2*dz*w."2/2/2);

% first 'half' dispersion calculation
V = fitshift(ifft(U)); % Fourier transform
V = V.*disper; % calculation of dispersion

U = ffi(ffishift(V)); % Inverse Fourier transform
% '"full' nonlinearity calculation

P = abs(U);
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P=PA"2; % Intensity P
U = U.*exp(dz*(i*gamma*P)); % calculation of nonlinear
% second 'half' dispersion calculation
V = fitshift(ifft(U)); % Fourier transform
V = V.*disper; % calculation of dispersion
U = fit(fftshift(V)); % Inverse Fourier transform
z=1z+dz % Incrementation of z
% saving data
if mod(indice,niter) ==
z
lil=lil+1;
UU =[UU; U];
%saving the 'z' values where the fields are saved
zz(lil)=z;
end % for if

end % for indice

z
lil=1i1+1;
UU =[UU; U];

%saving the 'z' values where the fields are saved
zz(lil)=z;
%full normal dispersion fiber
for indice=1:npt2
%%%% re-assinging new variables %%%%%%%%
beta2=gvd2;
gamma=gamma2;
dz=zstep2;
disper=exp(+i*beta2*dz*w."2/2/2);
% first 'half' dispersion calculation
V = fitshift(ifft(U)); % Fourier transform
V = V.*disper; % calculation of dispersion
U = fft(ffishift(V)); % Inverse Fourier transform
% 'full' nonlinearity calculation

P = abs(U);
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P=PA"2; % Intensity P

U = U.*exp(dz*(i*gamma*P)); % calculation of nonlinear

% second 'half' dispersion calculation
V = ftshift(ifft(U)); % Fourier transform
V = V.*disper; % calculation of dispersion
U = fft(fftshift(V)); % Inverse Fourier transform
z=1z+dz % Incrementation of z
% saving data
if mod(indice,niter) ==
z
lil=lil+1;
%saving the field
UU =[UU; U];
%saving the 'z' values where the fields are saved
zz(lil)=z;
end % for if
end % for indice
z
lil=lil+1;
%saving the field
UU =[UU; U];
%saving the 'z' values where the fields are saved
zz(lil)=z;
%second-half of anomalous dispersion fiber
for indice=1:npt1/2
%%%% re-assinging new variables %%%%%%%%
beta2=gvdl;
gamma=gammal;
dz=zstepl;
disper=exp(+i*beta2*dz*w."2/2/2);
% first 'half' dispersion calculation
V = fitshift(ifft(U)); % Fourier transform
V = V.*disper; % calculation of dispersion

U = fft(ffishift(V)); % Inverse Fourier transform
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% '"full' nonlinearity calculation
P = abs(U);
P=PA"2; % Intensity P

U = U.*exp(dz*(i*gamma*P)); % calculation of nonlinear

% second 'half' dispersion calculation
V = fitshift(ifft(U)); % Fourier transform
V = V.*disper; % calculation of dispersion
U = ffi(fttshift(V)); % Inverse Fourier transform
z=2z+dz % Incrementation of z
% saving data
if mod(indice,niter) ==
z
lil=lil+1;
%saving the field
UU =[UU; U];
%saving the 'z' values where the fields are saved
zz(lil)=z;
end % for if
end % for indice
z
lil=lil+1;
%saving the field
UU =[UU; U];
%saving the 'z' values where the fields are saved
zz(lil)=z;
end % for 1i2
% 3D plot of the pulse
figure
waterfall(t,zz,abs(UU)."2);
title("'SMF and DCF pulse propagation in one map period');
ylabel('z (km)");
zlabel('INTENSITY");
xlabel('t (ps)");
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