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ABSTRACT

At high bit rate chromatic dispersion (CD) is a dominant factor that limits the

transmission distance. Moreover, in long distance transmission high input power is

required to overcome the loss encountered by fiber attenuation, but self-phase

modulation (SPM) is a nonlinear effect that limits the allowable input power and

system capacity by generating new frequency components. The combined effect of

SPM and CD limits the operating bit rate and transmission distance drastically.

In this thesis, an analysis is carried out to find an expression for pulse broadening

factor by solving the nonlinear Schrodinger equation (NLSE) considering the effects of'

SPM and CD. The validity of the proposed expression is determined by comparing the

numerical results with the results provided by the expression.

The results are evaluated at different bit rates (10 Gbps and 40 Gbps), different

input power (30 mW, 60 mW, and 90 mW) and varying transmission distance for two

different types of fiber standard single mode fibers (SSMF) and large effective area

fibers (LEAF). The derived expression shows good agreement with numerical results.

xiv
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CHAPTER 1

1.1

INTRODUCTION

Historical Development of Communication Systems

People have been communicating since the early humans grunted and scratched

pictures on cave walls. Simple systems such as signal fires, reflection mirrors and more

recently signalling lamps have provided successful inforrnation transfer systems (I].

Due to the nature of these early systems, the communication system was limited to

transmitting over a maximum distance of 10 km at a rate approximately Ibps.

Transmission distance increased to approximately 100 km when the French engineer,

Claude Chappe proposed that relay or regeneration systems be placed in between the

transmission system and its receiving end. The regeneration system was a series of

semaphores mounted on towers. A human operator relayed the message from one tower

to the next [2].

By 1830, Samuel Morse invented the telegraph. This invention enabled the

transmission of coded messages using electrical impulses transported over copper wire.

TIle message was first converted into a sequence of long or short electrical impulses

and then transmitted in this form. This technique of associating characters with

electrical impulses was called the Morse Code Keying Technique [3]. This system

achieved a bit rate of -I Obis and with the use of interrnediate relays a transmission

distance of -1000 km could be achievcd.

In 1876 Alexander Graham Bell took the telegraph one step further by showing

that voice could be converted directly into electrical energy and transmitted over copper

wire, the signal is then converted back into sound at the receiving end. The only

prerequisite of his system, he named the telephone, was that a copper connection

should exist between the two parties. The earliest telephone required a different pair of

wires for each possible connection to another phone. This technology proved

inaccessible to the general public seeing that a large amount of wire would be required

for a fraction of the population. In light of this constraint, a switch board was invented.

The switch board is a remote switching device that connected the lines of two

telephones [4]. The human operator on the switch board manually connected the
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terminals of the calling party to that of the receiving party as is depicted in Fig. 1.1

below.

{at{.

Connection established by a human operator

Fig. 1.1: The early switch board

The use of the telephone has increasingly grown from a pair of telephones to

telephone networks. Therefore, technology in transmission has had to be continuously

developed in order to sufficiently increase the capacity of telephone networks. At first,

wire pairs were replaced by coaxial cables to improve the capacity; however, the

capacity of the coaxial cables is also not sufficient. This led to the development and

deployment of microwave communication systems. The capacity is usually measured in

term of the bit rate-distance product BL where B is the bit rate and L is the repeater

spacing. The most advanced microwave system was able to operate at BL product of

around 100 Mbps-km. Technological advances in various communication systems have

been investigated in order to increase the BL. Such increase is shown in the Fig. 1.2 It is

clearly seen that the operating frequency has been continuously shifted to higher

frequency to increase the BL product. This is because the bit rate-distance product BL

fundamentally depends on the magnitude of the carrier frequency. Thus, the microwave

systems had reached their inherent limitation.

However, the demand in the bit rate-distance product ilL continues to increase.

Thus, the microwave and coaxial systems could no longer support such demand cost

effectively and efficicntly. Consequently, it was necessary that the carrier frequency

had to be higher in order to overcome the fundamental limitation. The next higher
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frequency band is in the region of light; thus, the term "optical (fiber) communication

systems" has emerged.

10"

103

,,,
Optical amplif,ers 4

I
I
I
I

Lighlwavel

/
/
/

Microwave ,,/

Coaxi.1c.bl~ .•• /
././

./
Telephone ••••••.•••.------Telegraph

1
1850 1900 1950

Year

Fig. 1.2: Increase in bit rate-distance product during 1850-2000 [I].

1.2 Evolution in Optical Fiber Communication System

As their name implies, these kinds of communication systems use optical waves

as carriers; hence, the bit rate-distance product BL can be improved several orders of

magnitude compared to the microwave and coaxial systems as seen in Fig. 1.1-2. The

most appropriate media that are used as channels in these systems are the optical fibers,

which was proposed in 1966 [5]. However, the first-encountered problem was that

available fibers during that time had extremely high loss which exceeded 1000 dBlkm.

This problem challenged the researchers and engineers to find processes by which low-

loss optical fibers could be fabricated. Finally, this problem was solved in 1970 [6],

when optical fibers having acceptable attenuation was first obtained.

The combination of low-loss optical fibers and the advance in semiconductor

technology made the optical fiber communication system practically possible. In 1978,
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the first systems were commercially deployed. Their operating wavelen/,>th was at 0.8

Jlm, and they were capable of carrying bit rates of 50 -100 Mbps with a repeater

spacing of approximately 10 km [3]. As the technology in optical-fiber fabrication

progressed, lower-loss optical fibers became feasible, which led to higher bit rate-

distance product BL. The progress in the bit rate-distance product BL of the optical

fiber communication systems is shown in Fig. 1.3 It is usually divided into five

generations and they are briefly described as follows.

E~
.l.
j}
g
•vc 100•E
2
8-
E 10
•"~'"

0.1
1974 1976 1978 1980 1982 1984 1986 1988 1990 1992

Year

Fig. 1.3: Progress in light wave communication technology over the period of 1974-
1992. Different curves show the increase in the bit rate-distance product for five

generations of fiber-optic communication systems [3].

1.2.1 First generation

The first generation of optical fiber communication systems utilized multimode

optical fibers and operated in the 0.8-Jlm wavelength region. The advantage of the

multimode fibers is that their core is large; thus, coupling of the light /Tom the source

into the tiber is not diftlcult. However, large core diameter also leads to an unavoidable

drawback. The major drawback is that the optical waves travel in the fiber with

different paths; therefore, the optical waves arrive at the receiver with slightly different

time delays, which causes pulse spreading. This phenomenon is termed multimode

dispersion, also called intermodal dispersion.

In addition, there is another type of dispersion called intramodal dispersion or

chromatic dispersion (CD), which is due to nonlinear phase response of the optical
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fiber. The nonlinear phase response results in the optical waves at distinct frequencies
arriving the

receiver at different time delays. Both types of dispersion generate intersymbol

interference (lSI), which limits the system performance. The bit rate-distance product

BL of the first generation is therefore limited by both types of dispersion and fiber loss.

1.2.2 Second generation

One way to eliminate intermodal dispersion is to utilize a single-mode optical

fiber. In this type of fiber, there is only one path (mode) in which the optical wave is

allowed to travel; therefore, only intramodal dispersion exists. Another advantage of

using the single-mode optical fiber is that this type of fiber has less internal (Rayleigh)

scattering [6]; thus, lhe attenuation is also less than that of the multimode fiber.

It was found that in the 1.3-f!m wavelength region, the attenuation is less than in

the 0.8-f!m wavelength region as shown in Fig. 1.4. In addition, as seen in Fig. 1.5 the

optical fiber exhibits the lowest dispersion effect in this new region. Both advantages

could lead to higher BL product. With the advance in semiconductor technology,

operating the systems at 1.3-f!m window was finally realized. As a result, larger bit rate

distance product BL of the order of 200 Gbps-km was achieved and it was solely

limited by fiber attenuation. At this figure of BL product, the undersea fiber optic

system became feasible. The first transatlantic system called TAT-8 was implemented,

and started operating in 1988 [7]. It consists of three pairs of single-mode optical fibers

(one pair for backup purpose), and each pair operated at 296 Mbps (one for each
direction).
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Fig. 1.5: Dispersion of single-mode fiber and dispersion-shifted single-mode fiber [6].

1.2.3 Third generation

As seen in Fig. lA, the attenuation in the single-mode fiber is lowest in the

1.55-flm wavelength region (0.2 dB/km). However, the intramodal dispersion in this

wavelength region is so severe that its effect is intolerable for very high BL systems. In

order to take the advantage of lowest attenuation at this wavelength window, it was

realized that the optical fibers need to be modified to have low dispersion in this

window, and narrow-line width lasers were needed. This obstacle was overcome by the

development of dispersion-shifted fibers and single longitudinal mode lasers.
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Dispersion shifted fibers are fibers that are tailored to provide minimum dispersion near

1.55 Ilm; thus, allowing the use of conventional lasers exhibiting relatively large

spectral width (several nm). On the other hand, the narrow-line width lasers have to be

employed in the systems that use conventional optical fibers in order to take advantage

of lowest attenuation. With both approaches, the bit rate-distance product BL of 500

Gbps-km was achievable.

1.2.4 Fourth generation

It is clearly seen that the increase in the BL product for single channel seemed to

reach its saturation point. The systems were designed to operate at lowest attenuation

region to overcome the attenuation problem and the narrow-line width lasers were

utilized to minimize the dispersion effect. However, the modulation technique was still

primitive intensity modulated/direct detection (1M/DO) which offers simple system

configuration. Since the narrow-line width lasers were available, it is possible to

employ other techniques that provide lower (better) receiver sensitivity, which would

result in larger repeater spacing. Such systems are referred to as coherent optical

communication systems. Nevertheless, the system configurations were too complex to

implement in practice. Consequently, the coherent systems are not commercially

attractive.

1.2.5 Fifth generation

With the development of optical amplifiers, the extreme improvement in the BL

product became practically possible. The huge amount of bandwidth offered by the

optical fiber could be utilized by using the wavelength division multiplexing (WDM)

technique. In addition, with the help of optical amplifiers all channels could be

simultaneously amplified without optical-electrical-optical conversion; thus, the

spacing between regenerative repeaters could be extended considerably. As a result, the

bit rate-distance product BL was increased and can be larger than 100,000 Gbps-km.

There is another approach that can combat the dispersion effect; hence,

increasing the repeater spacing. Such approach is to make use of fiber nonlinearity,

which results in the shape of the optical pulses being preserved while traveling in the

fiber. The systems that utilize this technique are called soliton-based systems. However,

this technique is still in the experimental stage.
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1.3 Reviewof PreviousWorks

The basic physics behind the temporal pulse distortion caused by the effect of

chromatic dispersion in bulk media and in optical fibers is discussed by K. Thyagarajan

and B.P. Pal in (2007), to investigate intersymbol interference among the bits in a

communication link, the authors have discussed the design issues to realize efficient

dispersion compensating fiber (DCF) that is used to compensate the accumulated

dispersion [8].

O. Rozen et al. (2008) proposed over sampling beyond the bitrate according to

Nyquist theorem combined with wide filtering and vectorial maximum likelihood

sequence equalizer (VMLSE) to mitigate the effect of inter-symbol-interference caused

by SPM, using simulation through BER and SNR [9].

M. Oukli et at. (2008), have observed the limitations and performance of an

optical transmission system determined by the effects of chromatic dispersion as well

as the noise (accompanying the signal as it propagates and until its reception) in terms

of bit error rate (BER) and eye pattern through simulation [10].

A.V. Ramprasad et al. (2006), have solved the Nonlinear Schrodinger equation

(NLSE) by both the scalar and vector approach considering with and without the

polarization concepts to shown the effects ofSPM and GYD through simulation [II].

A numerical simulation method, on a single mode optical fiber link system

using YC++ has provided by S. H. S. AI-Bazzaz in (2008), to study the effects of

attenuation, dispersion (CD) and nonlinearity when the system operates at the

wavelength 1550 micrometer. The results indicate that these effects increase with

increasing the distance through the fiber optic length [12].

An analytical approach using beam propagation method (BPM) is presented by

Sergey M. Salakhov (2005), to find the impact of Self-Phase modulation (SPM) in the

presence of group velocity dispersion (GYD) on the bit error rate performance of an

optical heterodyne Continuous phase frequency shift keying (CPFSK) transmission

system by determining the phase distortion induced by SPM at the output of the fiber.

The bit errOr rate performance is evaluated by using Gauss quadrature rule and

moments of the random phase fluctuations at the receiver output [13].
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A. Naka and S. Saito (1994), have evaluated the e/fect the Chromatic dispersion

(CD) and Self-Phase modulation (SPM) in terms of eye opening penalty by numerically

analyzing the intensity-modulated signal in an optical fiber taking into account self-

phase modulation, group-velocity dispersion and 2"d-order group-velocity dispersion.

Relation is derived for transmission distance yielding a prescribed eye-opening penalty

to relate to three characteristic lengths: the dispersion length, 2"d - order dispersion

length and the nonlinear length. Results shows that GVD and SPM equally contribute

to the transmission distance and makes the allowable distance proportional to the

geometric mean of the dispersion length and the nonlinear length [14].

In [15-18] approximate formulas have been presented for the fTequency

broadening of an optical pulse due to self-phase modulation. S. C. Pinault and M. J.

Potasek derived an exact formula for the rms frequency width of a Gaussian input pulse

undergoing the e/fects of self-phase modulation in 1985 [19].

By expanding Ihe propagation constant in a Taylor series up to third order with

respect to frequency in 1979 D. Marcuse [20], presented formulas for the spectrum of

the ensemble average of the optical pulse propagating in a single-mode fiber

considering the pulse profile and the light source as Gaussian. The presented formula

can be used to obtain the shape of the average pulse by using the fast Fourier

transform. Results shows that the width of the received pulse strongly depends on the

spectral width of the source. Minimum pulse width is achieved by using

monochromatic light source.

From the above mentioned works it is found that most of the research works

evaluated the impact of CD and nonlinearity in terms of eye diagram, Q-value, BER by

simulation or experimentation. Considering the fact, an analytical modeling is yet to be

reported to assess the combined impact of CD and SPM in terms of pulse broadening

factor. Therefore, it is essential to develop an analytical as well as numerical approach

to study the impairments caused by the combination of CD and SPM together.
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1.4 Research Aims

The goal of this research work is to detennine the combined effects of CD and

SPM on pulse broadening factor in high speed optical fiber communication system.

Both analytical and numerical investigation will be carried out for single mode fiber

(SMF) and large effective area fiber (LEAF). To meet the goal, the following

objectives have been identified:

i) To derive an expression for pulse broadening factor from nonlinear Schrodinger

equation (NLSE) considering only first-order CD and SPM.

ii) To observe the effects of bit rates, input power and transmission distance on

pulse broadening using the analytical derivation.

iii) To solve the nonlinear Schrodinger equation (NLSE) using split-step Fourier

method for finding the pulse broadening factor.

iv) To compare the analytical findings with numerical results in order to find the

validity of the analytical expression.

1.5 Outline of the Thesis

This thesis is divided in five chapters. At the beginning of Chapter 1 historical

development of communication systems and optical fiber is presented. Then an

elaborate record of previous works on the effect of SPM and CD in optical fiber

communication system is described.

Chapter 2 provides an insight on the factors (attenuation, CD, SPM, XPM,

SRS and SBS) deterring the perfonnance of an optical transmission system. Emphasis

was put on Chromatic dispersion (CD) and self-phase modulation (SPM). This chapter

is regarded as a starting point for understanding the subject matter.

Chapter 3 includes the theoretical analysis of pulse broadening factor.

Chapter 4 presents simulation results of the analytical expressions. The results

are discussed considering different system parameters (bit rates, input power and
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transmission distance) for two different types of fibers standard single mode fiber

(SSMF) and large effective area fiber (LEAF).

Chapter 5 concludes this dissertation. Recommendations for future research is

presented in this chapter.
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CHAPTER 2

OPTICAL FIBER DISPERSION AND NONLINEARITY

2.1 Introduction

Optical fibers consist two layers. The innennost region of the fibers referred to

as the core, is used to transmit the light while the glass coating or the cladding

prevented the light from leaking out of the core by reflecting it within its boundaries.

The core and the cladding of an optical fiber are made from the same material and they

differ only in their refractive indexes [21]. Fig. 2.1 illustrates basic propagation of

guided light in an optical fiber.

Higher Refractive index
Core

Lower refractive Index
cladding

Fig. 2.\: Basic Propagation of Light in an optical fiber

2.2 Cylindrical Optical Waveguide

2.2.1 Step index fiber

In step index fiber the refractive index is constant across the radius of the core

and then exhibits an instantaneous (step) change to a slightly lower refractive index

which represents the cladding envelope of the fiber. The refractive index profile of such

fibers may be defined as follows:

{
nv r < a (core)

n r =() n2. r <': a (cladding) (2.1 )
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Fiber with relatively large core diameter (50 /!m or greater) is said to be

multimode. This is because the large core diameter allows many modes to propagate

within the core of the fiber. Conversely, thin optical fiber with a core diameter of the

order of 2-10 /!m, is said to be monomode fibers because only one transverse

electromagnetic mode is allowed to propagate through the core. Fig. 2.2-1 (a) shows

modes travelling in a multimode fiber and Fig. 2.2-1 (b) shows transmission through a

single mode step index fiber.

Index
of refraction

Input
pulse

Output
pulse

(a)

Fig. 2.2: light propagation in step index fiber for (a) multi-mode fiber (b) single mode
fiber.

2.2.2 Graded index fiber

In graded index fiber, the refractive index of the core does not remain constant

throughout the entire core. Instead, it decreases with radial distance from a maximum

value of nl , at the axis, to a constant value n, beyond the core radius in the cladding.

The index variation may be represented as follows:

{
n1 (1 - 21l(rIa)ay.

nCr) = 1

n, (1 - 21lY;: = n2.

r<a

r~a

(core)

(cladding)
(2.2)
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Where A is the relative refractive index difference and 11 is the profile parameter, which

gives the characteristics refTactive index profile of the fiber core.

Graded index fiber is favoured to step index fiber in multimode applications of

fiber optics communication. This is due to the fact that the intermodal dispersion in

graded index fiber is considerably lower than that of step index fiber. The graded index

with a near parabolic profile (n = 0.5) produced the best results in multi mode optical

fiber applications. Fig. 2.3 illustrates light propagation through a graded index

fiber[22j.

380 ~m

Index
of refTaction

,

Input
pulse

Output
pulse

Fig. 2.3: Light propagation in graded index fiber

2.3 Characteristics Of Optical Fiber

2.3.1 Optical losses

Once power is coupled into the fiber, the optical signal will interact with the

fiber. One of these interactions is the attenuation of the light signal as it moves through

the medium.

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 molecule of the medium while scattering redirects the light out of the core of

the fiber.

Absorption occurs when the energy of the photon is equal to the difference

between two electronic energies. A major cause of absorption is the presence of 011-
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radicals, which results from the presence of water ( H20 ). The OH- enters the tiber

through either a chemical reaction (during tiber manufacturing) by-product, or as

humidity in the operating environment. The main 011 absorption peak occurs at 1400

nm and the second peak at 950 nm, while the lowest absorption occurs in the

wavelength window around 1300 nm and 1550 nm.

Scattering losses occur when the photons see a variation in the core's refractive

index. This phenomenon is termed Raleigh scattering and is considered as an intrinsic

loss in optical tiber and therefore sets the lower limit on tiber losses.

Thus the attenuation in optical tiber 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 dBlkm and 0.2 dBlkm,

respectively. The 1550 nm window is favored in telecommunication applications seeing

that it is the theoretical minimum for fused silica tiber. Fig. 2.4 illustrates the
attenuation in silica optical tiber.

1.11.11

('I"

.\h,oqllinn

Fig. 2.4: The attenuation in fused silica fiber [23].
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2.3.2 Fiber dispersion

Dispersion is the time domain spreading or broadening of the transmission

signal light pulses- as they travel through the fiber. Fig. 2.5 shows the broadening of

input pulse due to the dispersive effect of the fiber.

J~
In

TX
Fig. 2.5: Pulse Spreading Due to Fiber Dispersion

Fiber Dispersion is categorized in two ways

a) Modal / lntermodal Dispersion

b) Chromatic / Intramodal Dispersion (CD)

2.3.2.1 Modal dispersion

RX

Caused by the mode structure of a light beam inside the fiber also called(

intermodal) dispersion. Fig. 2.6 shows pulse broadening due to modal dispersion(21].

2 R
0 A

R R J, Ot ,L
,) b) ,I 'I

Fig. 2.6: Intermodal dispersion: a) Original pulse b) modes in fiber c) Pulses delivered
by individual mode d) resulting pulse.

2.3.2.2 Chromatic dispersion

Light (electromagnetic wave) travels at a constant velocity in vacuum for all

frequency components. However, when an electromagnetic wave enters a dielectric
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medium (such as an optical fib,r), the velocity of the wave becomes wavelength

dependent. Hence, different colors travel at different speed in an optical fiber. This

phenomenon is called chromatic dispersion.

Chromatic dispersion in single-mode optical fibers consists of two

contributions, namely material dispersion and waveguide dispersion.

2.3.2.2 .1 Material Dispersion

As the name implies, material dispersion is intrinsic to the molecular structure

of the material used to fabricate the fiber and is the dominant factor in chromatic

dispersion for conventional single-mode optical fibers. Material dispersion is due to the

response of the bound electrons of the dielectric medium, that oscillate with different

amplitudes depending on the frequency of the incident electromagnetic wave. Thus,

causing a wavelength dependent refractive index n(w).
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Fig. 2.7: Wavelength dependent refractive index of bulk fused silica calculated by
equation 2.3.

On a fundamental level, the origin of material dispersion is related to the characteristic

resonance frequencies at which the medium absorbs the electromagnetic wave through

oscillations of bound electrons. Far from the resonances, the refractive index is well

approximated by a Sellmeier equation [3]
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(2.3)
m 2

L B.w.
n2 = 1+ J J

w? -w2
j=l J

where Bj is the strength of the jth resonance and OlJ is the resonance frequency.

Therefore, different spectral components associated with the pulse travel with different

velocities in dielectric material such as silica in optical fibers. The velocity of different

spectral components is given by e/n(w). Fig. 2.7 shows an example of wavelength

dependent refractive indices of bulk fused silica calculated by equation 2.3. The

propagation constantp becomes dependent of the wavelength and is given by,

w
P = -new)e (2.4)

where c is the speed of light in vacuum. Fig. 2.8 shows how material dispersion

varies with wavelength in fused silica. The symbol representing dispersion is P2, which
is the second derivative of the propagation constant p. The dispersion vanishes (fl2 = 0)

at a particular wavelength shown in Fig. 2.8, it is called the zero-dispersion

wavelength, AD. The zero-dispersion wavelength occurs at near 1.27!1m for bulk silica.

The dispersion curve of real optical fibers will appear similar to the shifted version of

bulk silica's dispersion curve. The dispersion curve for real fibers are different from

bulk silica for the following two reasons. First, there are dopants such as GeOz and

P205 present in the fiber core which change the refractive index of the core. Secondly,

the second component of the dispersion, waveguide dispersion is present in optical

fibers.
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Fig. 2.8: Material dispersion of bulk fused silica.
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2.3.2.2.2 Waveguide Dispersion

The second contribution to the chromatic dispersion of a single.mode fiber is

the waveguide dispersion. The fact of waveguide dispersion is that the effective index

(neff) of the mode depends on the fraction of power in the core and the cladding at a

particular wavelength. As the wavelength changes, this fraction also changes. Thus

even if the refractive indices of the core and the cladding are assumed to be

independent of wavelength, the effective index will change with wavelength which in

turns will change the propagation constant P, so the propagation constant P depends on

the frequency this dependence leads to waveguide dispersion[25]. Waveguide

dispersion depends on the fiber design parameters such as the core radius and the core-

cladding index difference t.. Waveguide dispersion generally has a relatively small

contribution to the total dispersion in comparison to material dispersion. For

conventional single-mode fiber, waveguide dispersion shifts the zero-dispersion

wavelength AD shifted from 1.2711mto a slightly longer wavelength 1.3111m.

2.3.2.2 .3 Total Dispersion

The total dispersion of single-mode fibers is the combination of material and

waveguide dispersion. It can be taken into account mathematically by using the Taylor

series expansion about the center frequency OJoof the mode-propagation constant P(OJ).

P(OJ) = Po + P, (OJ - OJo) + P2~(OJ - OJO)2 + P~ (OJ - OJo)3 + "', (2.5)
. 3.

Where

[amp]P =-
m owm W=Cdo

(m=O,l ,2,3, ) (2.6)

The parameter P, is the reciprocal of the group velocity vg and is related to the

group index ng, where the group velocity represents the velocity of the envelope of the

optical pulse.
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On the other hand, Ii] represents the change in group velocity of the envelope as a

function of frequency and is the main factor that is responsible for pulse broadening

effects.

(2.8)

The pulse broadening effect is called the glOup-velocity dispersion (GVD) or

chromatic dispersion (CD), and P2 is generally referred to as the GVD parameter. The

unit of P2 is ps2/km which is equivalent to ps/(THz'km), and it can be easily understood

as if there are two pulses separated by I THz entering a I km fiber with P2 = 20 ps2/km,

they will have a 20 ps delay between them when they exit at the other end. The

dispersion parameter D is commonly used in engineering literature in place of P2 and it

has the units ofps/(nm. km), which has the same meaning of the P2 parameter but the

unit of the pulse separation is in wavelength(nm). It is related to P2 by the relation

2rrc
D= -yP2 (2.9)

There are two different dispersion regimes in fibers, normal-dispersion regime

and anomalous-dispersion regime. The fiber is said to exhibit normal-dispersion when A.

< A.Dor P2 > O. In the normal-dispersion regime, longer wavelength components in the

pulse travel faster than shorter wavelength components, resulting in different frequency

components arriving the receiver at different times. Similarly, it is said to be in the

anomalous-dispersion regime when A.> A.Dor P2 > O. In the anomalous regime, the exact

opposite will occur in comparison to normal-dispersion, that the longer wavelength

components travel slower then the shorter wavelength components. Fig. 2.9 shows the

differences and similarities of pulse behaviors in normal and anomalous dispersion.

Note that in the absence of any other effects, the pulse undergoes the same amount of

temporal broadening in both regime due to the velDcity mismatch of different

wavelength components in the pulse.

At A.Dthe GVD vanishes (P2 = 0), however the total dispersion is not equal to

zero. There are third and higher order terms still present in the fiber at A.D.As wave
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propagates through the fiber at AD, the third order dispersion (TOO) parameter, PJ, is
dominant. For an ultra-short optical pulse, the pulse will be distorted by TOO

nonnal-dispersion

\•
I

I
/

anomalous-dispersion

r \
I

I

• /\

Fig. 2.9: Schematic diagram showing the difference between nonnal and anomalous
dispersion.

and other higher order dispersion parameters. We can also say that PJ expresses how

the avo varies with wavelength.
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A very important feature of chromatic dispersion is that different wavelength

components of the pulse propagate at different speeds inside an optical fiber, this leads

to pulse broadening, and in the worst case inter-symbol interference (lSI) will occur.

Fig. 2. Io. below shows how lSI may occur at the fiber end if chromatic dispersion is

present.

Fig. 2.10: Inter-symbol interference(lSI) caused by chromatic dispersion.

In addition, (lSI) the effect of chromatic dispersion introduces chirping to the

propagating pulse in the normal-dispersion regime (fJ2> 0), the leading edge of the

pulse will be down-shifted (red-shift) in frequency while the trailing edge will be up-

shifted (blue-shift) in frequency with respect to the center frequency (00; the opposite

occurs in the anomalous-dispersion (fJ2 < 0) regime [25].
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The frequency chirp on the pulse imposes by the fiber dispersion IS given by [3]

a</J sgn(P2) (2z!LD) T2

ow(T) = - aT = 1+ (z!L
D
)2 T; (2.10)

Where

z = fiber length

f32 = GVD parameter

To = pulse width

8

o
o 1 2

DISTANCE, </Lo

Fig. 2.11: Variations of pulse broadening factor caused by GVD with distance for
several super Gaussian with different values ofm. The case m=1 corresponds to a

Gaussian pulse.[3]
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Fig. 2.12: Broadening factor for a chirped Gaussian pulse as a function of distance.
The dashed curve corresponds to the case of an unchirped Gaussian pulse. [3]



23

2.3.3 Fiber Non/inearities

[n optics, the tenns linear and nonlinear (Fig. 2.13) mean 'power independent'

and 'power dependent' phenomena respectively [21].

Efr
"o

Input

Fig. 2.13: Linear and Nonlinear Interaction

The nonlinearities in optical fibers fall into two categories (Table- 2.1). One is

stimulated scattering (Raman and Brillouin), and the other is the optical Kerr effect due

to changes in the refractive index with optical power. While stimulated scatterings are

responsible for intensity dependent gain or loss, the nonlinear refractive index is

responsible for intensity dependent phase shift of the optical signal. One major

difference between scattering effects and the Kerr effect is that stimulated scatterings

have threshold power levels at which the nonlinear effects manifest themselves while

the Kerr effect doesn't have such a threshold.

Table- 2.1 Nonlinear Effects in Optical Fibers

SOS

+
Stimulated Scattering._t_.
SRSFWMXPMSPM

Nonlinear Effects in Optical Fibers

t
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2.3.3.1 Optical Kerr effect

The refractive index of silica fiber for communication is weakly dependent on optical

intensity, and is given by [24],

n = no + n21(t)

where no '" 1.5, n] '" 2.6 x 10.20 m2/W, and I(t) = optical intensity.

(2.11)

Although the refractive index is a very weak function of signal power, the higher power

from optical amplifiers and long transmission distances make it no longer negligible in

modem optical communication systems. In fact, phase modulation due to intensity

dependent refractive index induces various nonlinear effects, namely, self-phase

modulation (SPM), cross-phase modulation (XPM), and four-wave mixing (FWM)

[5,8].

2.3.3.1.1 Self-phase modulation (SPM)

The higher intensity portions of an optical pulse encounter a higher refractive

index of the fiber compared with the lower intensity portions while it travels through

the fiber. In fact time varying signal intensity produces a time varying refractive index

in a medium that has an intensity-dependant refractive index. The leading edge will

experience a positive refractive index gradient (dn/dt) and trailing edge a negative

refractive index gradient (-dn/dt). This temporally varying index change results in a

temporally varying phase change, as shown in Fig. 2.14. The optical phase changes

with time in exactly the same way as the optical signal [16]. Since, this nonlinear phase

modulation is self-induced the nonlinear phenomenon responsible for it is called as

self-phase modulation.

Different parts of the pulse undergo different phase shift because of intensity

dependence of phase fluctuations. This results in frequency chirping. The rising edge of

the pulse finds frequency shift in lower side (red shift) whereas the trailing edge

experiences shift in upper side (blue shift). Hence primary effect of SPM is to broaden

the spectrum of the pulse [33], keeping the temporal shape unaltered. The SPM effects
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are more pronounced in systems with high-transmitted power because the chirping

effect is proportional to transmitted signal power.

Jo

Front
ofpulse

Back
ofpwse

(2.12)

-1: 0 +1:

Time t-
Fig. 2.14: Phenomenological description of spectral broadening of pulse due to SPM.

The phase (91) introduced by a field E over a fiber length L is given by
2rr

</J = -nLit

where 4 is wavelength of optical pulse propagating in fiber of refractive index n, and nL

is known as optical path length.

For a fiber containing high-transmitted power nand L can be replaced by neff (Effective

refractive index) and Leff( Effective length) respectively i.e.,

where

n1 = Linear refractive index.

nnl= Nonlinear refractive index

I = intensity of light

a = attenuation constant
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or

2rr
4> =T (nL + TlnlI)Leff

The first term on right hand side refers to linear portion of phase constant ('1'1) and

second term provides nonlinear phase constant (qJnl).

If intensity is time dependent Le., the wave is temporally modulated then phase

('I') will also depend on time [34). This variation in phase with time is responsible for

change in frequency spectrum, which is given by

d4>
w=-

dt
(2.14)

In a dispersive medium a change in the spectrum of temporally varying pulse

will change the nature of the variation. To observe this, consider a Gaussian pulse,

which modulates an optical carrier frequency Wo (say) and the new instantaneous

frequency becomes,

d4>
w'=wo--

dt
, 2rr dl

W = Wo - T LeffTlnL dt

at leading edge of the pulse di > 0 hence
dt

w' = Wo - wet)
And at trailing edge :: < 0 so,

w' = Wo +wet)
Where,

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

This shows that the pulse is chirped i.e., frequency varies across the pulse. This

chirping phenomenon is generated due to SPM, which leads to the spectral broadening

of the pulse. Fig. 2.15 and 2.16 show the variation of [(I) and d[/dl for a Gaussian pulse.

Fig. 2.17 shows frequency chirping induced by Self-Phase modulation.
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Fig. 2.1 S: Gaussian pulse.
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Fig. 2.16: For a pulse with dI/dl varying as function of time.
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Fig. 2.17: Frequency chirping by the etTect of SPM.

There is broadening of the spectrum without any change in temporal

distribution in case of self-phase modulation while in case of dispersion, there is

broadening of the pulse in time domain and spectral contents are unaltered. In other

words, the SPM by itself leads only to chirping, regardless of the pulse shape. It is

dispersion that is responsible for pulse broadening. The SPM induced chirp may

interact with dispersion induced chirp and can cause a totally ditTerent behavior

depending upon positive or negative dispersion values [3].

In the normal dispersion regime (fh > 0), the SPM induced nonlinear-chirp will

add to the dispersion induced linear-chirp, thereby causing not only the enhanced pulse

broadening but also distorting the shape of the pulse. In the anomalous dispersion
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regime (jJl < 0), the SPM induced nonlinear-chirp will tend to partially negate the

dispersion induced linear-chirp, thereby slightly reducing the pulse broadening, but still

will distort the pulse shape. Therefore, SPM induced chirp can impose a limitation on

bit rate and transmission distance in light wave systems. The SPM induced chirp is

dependent upon the power and the shape of the optical pulse. Therefore, if the power

and the shape of the pulse is right, the SPM induced chirp and the dispersion induced

chirp can completely negate each other in anomalous dispersion regime (jJ1 < 0) [26] .
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Fig.2.18: Pulse spreading caused by SPM as a function of distance.[35]

2.3.3.1.2 Cross- phase modulation(XPM)

Another nonlinear phase shift originating from the Kerr effect is cross-phase

modulation (XPM). While SPM is the effect of a pulse on it own phase, XPM is a

nonlinear phase effect due to optical pulses in other channels. Therefore, XPM occurs

only in multi-channel systems. In a multi-channel system, the nonlinear phase shift of

the sil,,'llalat the center wavelength A; is described by [27],

(2.20)

The first term is responsible for SPM, and the second term is for XPM. Eq. (2.20)

might lead to a speculation that the effect of XPM could be at least twice as significant

as that of SPM. However, XPM is effective only when pulses in the other channels are
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synchronized with the signal of interest. When pulses in each channel travel at different

group velocities due to dispersion, the pulses slide past each other while propagating.

Fig. 2.19 illustrates how two isolated pulses in different channels collide with each

other. When the faster traveling pulse has completely walked through the slower

traveling pulse, the XPM effect becomes negligible. The relative transmission distance

for two pulses in different channels to collide with each other is called the walk-off

distance, Lw [3].

(2.21)

where To is the pulse width, vg is the group velocity, and )'.J, 1..2 are the center

wavelength of the two channels. D is the dispersion coefficient, and!'1A= 1A)-A21.

When dispersion is significant, the walk-off distance is relatively short, and the

interaction between the pulses will not be significant, which leads to a reduced effect of

XPM. However, the spectrum broadened due to XPM will induce more significant

distortion of temporal shape of the pulse when large dispersion is present, which makes

the effect of dispersion on XPM complicated.

Interfering Pulse
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Fig. 2.19: Illustration of walk-off distance
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2.3.3.1.3 Four-Wave Mixing (FWM)

Four-wave mixing (FWM). also known as four-photon mixing, is a parametric

interaction among optical waves, which is analogous to intermodulation distortion in

electrical systems. In a multi-channel system, the beating between two or more

channels causes generation of one or more new frequencies at the expense of power

depletion of the original channels. When three waves at frequencies j,. jj. and fi are put

into a fiber, new frequency components are generated at.Ji.-wM=j,+jj:ft [II]. In a simpler

case where two continuous waves (cw) at the frequenciesji andfi are put into the fiber,

the generation of side bands due to FWM is illustrated in Fig. 2.20.

The number of side bands due to FWM increases geometrically, and is given by [29],

_ 1 3 2
M - '2 (Nch - Nch) (2.22)

where Nch is the number of channels, and M is the number of newly generated

sidebands. For example, eight channels can produce 224 side bands. Since these mixing

products can fall directly on signal channels, proper FWM suppression is required to

avoid si!,'llificant interference between signal channels and FWM frequency

components.

When all channels have the same input power, the FWM efficiency, 11,can be

expressed as the ratio of the FWM power to the output power per channel, and is

proportional to [30],

(2.23)

where A,!! is the effective area of fiber.

Eq.(2.23) indicates that FWM of a fiber can be suppressed either by increasing channel

spacing or by increasing dispersion. Large dispersion can cause unacceptable power

penalties especially in high bit rate systems. However, careful design of the dispersion

map (often called dispersion management) which allows large local dispersion but

limits the total average dispersion to be below a certain level is found to be very

effective to combat both dispersion and FWM induced degradations.
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Fig. 2.20: JIlustration of side-bands generation due to FWM in two-channel system

2.3.3.2 Stimulated Scattering

The nonlinear effects described above are governed by the power dependence of

refractive index, and are elastic in the sense that no energy is exchanged between the

electromagnetic field and the dielectric medium. A second class of nonlinear effects

results from stimulated inelastic scattering in which the optical field transfers part of its

energy to the nonlinear medium [32].

There are two major types of stimulated scattering

1) Stimulated Raman Scattering (SRS)

2) Stimulated Brillouin Scattering (SBS)

The main difference between the two is that optical phonons participate in SRS,

while acoustic phonons participate in SBS. In a simple quantum-mechanical picture

applicable to both SRS and SBS, a photon of the incident field is annihilated to create a

photon at a downshifted frequency. The new photon is propagated along the original
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signal in the same direction in SRS, while the newly generated photon propagates in the

backward direction in SBS. Furthermore, the downshifted rrequency range where new

photons can be generated is -30 THz in SRS and only -30 MHz in SBS. Therefore,

SBS does not impose any significant limitations in high-speed (ObIs systems) digital

light wave systems. However, SRS can impose some limitations on WDM systems

because the effect of SRS is to deplete the energy of some channels (higher rrequency

channels) on behalf of the other channels (low frequency channels). The effect of SRS

is not very significant unless the number of channels are more than 100 [32]. On the

other hand, SRS can be used for signal amplification in a fiber (so called Raman

amplifier).
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CHAPTER 3

THEORETICAL ANALYSIS

3.1 Introduction

In a fiber-optic communication system, information is transmitted over a fiber by

using a coded sequence of optical pulses whose width is determined 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 spread outside it's allocated bit slot

(TB = 1/ B). Clearly, dispersion limits the bit rate B for a fixed transmission distance

L.

The optical intensity dependence of the refractive index in nonlinear media occurs

through self-phase modulation, a phenomenon that leads to spectral broadening of the

pulse. The SPM induced spectral broadening is a consequence of the time dependence

of q,NL' The time dependence of frequency deviation is referred to as frequency

chirping. As the bit rate increases and the dispersion length becomes comparable to the

fiber length, it becomes necessary to consider the combined effect of chromatic

dispersion and SPM. So, it is important to consider the temporal and spectral change

that occurs in the traveling pulses when the effects of chromatic dispersion and SPM

acts together.

The optical pulse propagation in a single mode fiber can be described by

nonlinear Schriidinger equation (NLSE). This equation includes the effects of fiber

losses, chromatic dispersion and fiber nonlinearity.

There are several metrics that are used to measure the performance of an optical

transmission system such as eye diagram, pulse broadening factor, bit error rate, optical

signal to noise ratio etc. Pulse broadening factor is a direct performance measure of the

optical signal detection due to the optical fiber impairments. In the following sections

we solve the NLSE equation analytically to derive the expression for pulse broadening

factor.
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First, considering chromatic dispersion alone and then chromatic dispersion and SPM

together. In both' cases, we assume input pulse is in Gaussian form.

3.2 Pulse Broadeuing Factor in Dispersive Fiber

When the optical field is assumed to maintain its polarization, the evolution of

slowly varying electric field can be described by a single nonlinear Schrodinger

equation, which takes into account both dispersion and nonlinearity .

. a A . a A {3, a' A . (3, a' A IA/2A1- = -1- +-- +1-- -y
iJz 2 2 iJlt 6 iPt (3.1)

Where z is the longitudinal coordinate of the fiber, t is the time in a framework

moving at the group velocity, A is the complex electrical field envelope, P2 is the first-
order CD, P3 second-order CD, a the power absorption coefficient, and y is the

nonlinear coefficient.

2rrnzy=-
AAeff

t = T -z/vg

(3.2)

(3.3)

If the optical wavelength is not too close to zero dispersion wavelengths, the first--<lrder

CD dominates and (3.1) can be written as

.aA .aA (3,a'A /A/2A1- = -1- +-- -y
iJz 2 2 iJ'Zt (3.4)

In order to asses the effects of dispersion in the propagation of pulse we can neglect the

effect of attenuation constant, and nonlinear coefficient so (3.4) can be written as

(3.5)

Equation (3.5) can be solved by using the Fourier transform method if A(z, w) is the

Fourier transform of A(z, t) such that



1 foo -
A(z, t) = 21T -00A(z, w)exp( -iwt)dw

Then it satisfies an ordinary ditTerential equation

. a A- _ P, zA-1- - --waz z

Whose solution is given by

A(z,w) = A(O,w)expG Pzwzz)

(3.6)

(3.7)

(3.8)
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Equation (3.8) shows that GVD changes the phase of each spectral component of the

pulse by an amount that depends on both the frequency and the propagation distance.

Even though such phase changes do not atTectthe pulse spectrum, they can modify the

pulse shape by substituting Eq. (3.8) in Eq. (3.6) the general solution of the Eq. (3.5) is

given by

1 foo .
A(z,t) =- A(O,w)exp(!.. PzWZZ-iwt)dW

21T -00 2 (3.9)

(3.10)

where A(O, w) is the Fourier transform of the incident field at z = ° and is obtained by

A(O, w) = i:A(O, t)exp(iwt)dt
Eq. (3.9) can be used to obtain analytic expression for the output pulse, the RMS pulse

width at a distance z is defined as

(3.11)

Where

(3.12)

Is the nth moment. To evaluate the etTects of pz on pulse propagation consider a

Gaussian input pulse whose profile is defined as

A(O, t) = Aoexp (-~)
2To

(3.13)
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Where Ao is the peak amplitude. The parameter To is the half-width at 1/ e intensity

point and related to the full width at half- maximum (FWHM) of the pulse by the

relation

TFWHM = Z,JZlnZ To (3.14)

The spectrum of the input pulse is obtained by using the Fourier transfonn of A(O, t)

which is

A(o,w) = i:A(O, t)exp(iwt)dt
Substituting (3.13) in (3.15) we obtain

- l'" (tZ )A(O,w) = Aoexp ---z exp(iwt)dt
_'" ZTo

(3.15)

(3.16)

Substituting (3.16) in (3.9) gives the solution for a Gaussian pulse which is given by

1l~ l/Z (1 ) (i )A(z,t) = Z" -00 Ao(Z"ToZ) exp -"2wZToz exp "2 f3zwzz-iwt dw

Where

Ao [ 1 (t )Z]
A(z, t) = JQ(z) exp - ZQ(z) To

ToZ - if3zz
Q(z) = T

o
z

(3.17)

(3.18)

Equation (3.17) shows that a Gaussian pulse remains Gaussian during propagation but

its width and amplitude change by the factor Q(z).

Equation (3.17) can be written as

AoA(z,t) = ~h(z,t)
"Q(z)

Where h(z, t) is the output pulse shape at distance z and is defined as

(3.19)



Substituting (3.19) in (3.12)

eootnl~h(Z,t)12 dt
(tn) = Q(z) 2

r I ~h(Z,t)1 dt
-00 v Q(z)

tn _ eootnlh(z,t)12dt
( ) - Clh(z, t)l2dt

Ih(z, t) 12 = Ih(z, t)"h(z, t) I

where

h(z, t)' is the complex conjugation of h(z, t)

Ih(z,t)12 = exp(- .t2T0222)
To + P2 z

r t21h(z, t)12dt
(t
2
) = f:)h(z, t)l2dt

substituting (3.23) in (3.24)

(

2.,. 2 )OOt2 t,o dtLoo exp - ~ • + P 2 2
(t2) = 0 2 Z

focO ( t2To 2
)

- exp To' + P22Z2 dt

.,.' p22
(I') = '0 + 2 Z

2T0
2
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(3.20)

(3.21 )

(3.22)

(3.23)

(3.24)

(3.25)
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Since

{_moo t exp ( t_
2
T._o_

2
_) dt = 0

J_ To' +P22Z2

because it is an odd function of t.

(
2T. 2 )00 t t 0 dtLoo exp T. '+p 2 2

(t) = 0 2 Z - 0

[00 ( t2To
2
) dt

-00 exp - To' + P2 2Z2

Substituting (3.25) and (3.26) in (3.11) and squaring in both sides.

T.' p22
2( ) 0 + 2 Zt.t z = ------- -

2T. 2o

The input RMS pulse width is defined as

A T.
uto = ..rz

T.2
t.to2 = _0-

2

(3.26)

(3.27)

(3.28)

M2(z)

M0
2

(3.29)

Pulse broadening factor which is the final to the initial RMS pulse width ratio is

defined as

where

L = P2z/To 2

Equation (3.30) describe the pulse broadening factor in a linear dispersive fiber.

(3.30)
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3.3 Pulse Broadening Factor in Nonlinear Dispersive Fiber

Eq. (3.4) require numerical solution in order to asses the effects of dispersion and

nonlinearity on pulse propagation. However an analytic expression can be predicted

based on the assumption, that the incident field is multiplied by an intensity dependent

phase factor Beg; that is arising from nonlinear effects such as (SPM) and that the

resulting field propagates as if the medium is linear but dispersive.

Let, the incident field at z =0 is of the form

A(O,t) = Aof(t) (3.31)

where Ai is the peak power and f(t) is the pulse shape. To add the effect of

nonlinearity on pulse propagation A(O, t) is replaced by a field that contain a phase

factor BefJ arising from SPM.

A'ff(O, t) = Aof(t)exp CiB'ff)

where 8 arises from SPM. To obtain 8 we use (3.4) with 11)=0

. a .a ,
,-A=-,-A-yIAI Aaz 2

(3.33) can be solved exactly by writing

A = r exp(iB)

Equating real and imaginary parts we obtain.

r(z, t) = ro(t)exp (- ~z)
B(z,t) = Bo(t)+ yrl(t)L'ff

where, ro(t) = Acret), Le!! = .-:-"' and the phase shift after distance z is given by

Be!f = yAif'(t)L,!! = Bmf'(t)

where Bm= yAiL'f! is the maximum phase shift that occurs at t = O.

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

Substituting (3.36) in (3.32) we obtain the input field that is affected by the SPM.

A'ff(O, t) = Acf(t) exp {iemf' (t)} (3.37)
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In order to obtain the effect of dispersion on a pulse that is affected by SPM we can use

(3.37) as the effective field.

Since attenuation has no effect on dispersion , the effect of dispersion on pulse

propagation that encounters the effect of SPM can be obtained by solving (3.4) with

y = 0, a = 0 and Aeff as input field at distance Z = 0 which then becomes

. a P2 a2
I azAerr ="2 a2tAerr (3.38)

(3.38) can be solved by using the Fourier transform method if Aeff(z, w) is the Fourier

transform of Aerr(z, t) such that

1 Joo-
Aeft(z, t) ="2 Aeff(z, w) exp( -iwt)dw

rr -00

then it satisfies an ordinary differential equation of the form

.a. /322•
I azAetf = -zw Aett

whose solution is

Aerr(z, w) = Aerr(D, w) exp(i/2 P20J2Z)

So, the solution of (3.4) in frequency domain is

A(z,w) = F[Aefl(O,t)] exp(i/2/32w2z)

= F{Aof(t)exp[i8mf'(t)]} exp(i/2 P2W2Z)
= AoF{f(t)exp[i8mf'(t)]} exp(i/2 P2W2Z)

(3.39)

(3.40)

(3.41 )

(3.41) shows that the effect of GYD changes the phase of each of the spectral

components of the pulse by an amount that depends on both frequency and propagation

distance, even though such phase change do not affect the pulse spectrum, they can

modify the pulse shape.

Now consider a pulse whose shape is Gaussian which is defined as,

f(t) = exp (-.!.',)"0 (3.42)



41

where To is the half width at lIe intensity point it is related to the full width at half

maximum (FWHM) by

(3.43)

Substituting (3.42) in (3.41), we obtain

where

'P(w) = F{exp(- 2~i)exP[iOmexp(-;i)]}
Represents the spectral width of the pulse that encounters the effects ofSPM.

Let,

So,

'P(w) = F[(t)]

the RMS bandwidth of/he pulse is given by

(3.45)

(3.46)

(3.47)

(3.48)

Since F[(t)] cannot be evaluated in closed form we use the following properties of

Fourier transform in (3.48).

multiplication property

frequency derivative and complex conjugation property

foo wl'P(w)12dw = _i foo \'(t)\" (t)dt
-00 2rr -00

(3.49)

(3.50)
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where ('(t) and ('(t) represents time derivative and complex conjugation of (t)

respectively.

multiplication and frequency derivative property

100 1100
w'I'P(w)I'dw = - I('(t) I'dt

-00 2rr -00
(3.51)

(3.52)

using (3.49), (3.59) and (3.51) in (3.48) the following expression is found for (3.48)

I1w ' = I..:"J(' (t)1
2
dt + [I..:"oo(' (t)" (t)dt]'

( ) I..:"ool(t)12 dt I..:"001((t)12dt

.,

1((1)1' = exp (- ~i)
t[l + 2Hlmexp(-"jTDl exp(-,'jT5)

('(t)('(t) = T'
o

t' [1 + 40' exp(-zt' IT' )]exp( -"IT')
l('(t)I' = m T4 0 0

o

since, i:('(t)(' (t)dt = 0

roo ('(t)(' (t)dt = 0

rool((l)I'dt

(l1w)' = Looool('(t)I' dt
rool(t)I'dt

(l1w)' =~(1 + ~8~)
2To 3v3

and the variance of the spectrum is

(l1w)' = ~(1 + 4",8~)
To 3v3

(3.53)

(3.54)

(3.55)

(3.56)

(3.57)

(3.58)

since we are using Gaussian function as input pulse whose spectrum is also Gaussian,

the effect ofSPM will only change the width of the spectrum of the pulse. So, we can

use (3.58) as the variance of(3.47).

[
t w'T.' ]'P(w) = exp 0
2(1+ 4j3.,f38~) (3.59)



Substituting (3.59) in (3.44) we Obrtai; w'~' 1
A(z,w) = Aoexp -2( 0 2) exp(i/2p,w'z)

1+4/3~6m

The time domain representation of (3.60) is

1 100 r 1 w'~' ]A(z. t) = -2 Ao exp 2 ( 0 2) exp(i/2 p,w'z - iwt) dw
1C -00 1+ 4/3~ 6m

e {_.! (9 +4,J36~)t2 } 9 + 4,J362 1/2
_ xp 2 [9To' - iP2Z(9 +4,J36~)] ( m)

A(z, t) - Au 1/2

-I2ri{9To'- ip,z(9 + 4,J36~)J

let,
A(z, t) = Q(z)h(z, t)

where, Q(z) represents the amplitude of the pulse at distance Z.

1/2(9 +4~6~)
Q(z) = Au 1/2

v'2if{9T~- iP2z(9 + 4~6~))
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(3.60)

(3.61)

(3.62)

(3.63)

(3.64)

and h(z, t) represents the shape of the pulse at distance Z, that encounters the effects of

SPM and CD simultaneously

{
(9 + 4,J36~)t' }

h(z, t) = exp - 1/2-[9-To-2~--iP-,Z-(-9-+~4-,J3-6-~-)]

the RMS pulse width at distance z is defined as

M(z) = [(t2) _ (t)2]1/2

where, (tn) is the nthmoment defined as

roo tnjA(z, t)12dt

L:IA(z, t)Fdt

(3.65)

(3.66)

(3.67)

where, IA(z, t)12 = A(z, t)A'(z, t), and A'(z, t) denotes the complex conjugation of

A(z, t), since Q(z) represents amplitude and is constant we can neglect it to determine

(tn), hence (3.67) can be written as

CD tnlh(z, t)12dt
roolh(z, t)12dt

(3.68)
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where, Ih(z,t)12 = h(z,t)h'(z,t), and h'(z,t) denotes the complex conjugation of

h(z, t)

{
(1 + 4/3-13e~)t2 }

h(z, t) = exp -1/2 To2[1_ ""{J2Z/T; (1 + 4/"-3-13-3-e;;,-)-)

Let, I:.= {J2z/T~

[
(1 +4 /3-13 e~)t2 }

h(z,t) = exp -1/2 Tn 1 _ il:.(1+ 4/3-13 e~))

[
(1+ 4/3-13 e~)t2 }

h'(z,t) = exp -1/2T;;[1+ il:.(l +4/3-13e~))

Ih(z,t)!Z = exp{ (1 +4/3-13e;;,)t
2

2}
T; [1+ 1:.2(1+4/3-13e~) ]

3/2

fOO 2 2 _.,f1i T~(27+27t2+24-131:.28~+16ee~)
t Ih(z, t)1 dt - M 3/2

-00 6v3 (9 + 4-138;;')

1/2

fOO 2 _.,f1i To(27 + 27t2 + 24-131:.2e;;,+ 16e8~)
Ih(z, t)1 dt - M 1/2

-00 v3 (9 + 4-138;;')

Since

fOO foo { (1+4/3-13e2)t2 }
tlh(z, t)12dt = t exp [ m 2] dt = 0

-00 -00 T; 1+1:.2(1+4/3-138;;')

To [27 + 27t2 + 24-131:.28~+ 16e8~1'/2
!It(z) = - ------------J2 3(9 + 4-138;;')

The initial RMS width of the pulse is!lto = fz

(3.69)

(3.70)

(3.71)

(3.72)

(3.73)

(3.74)

So, the pulse broadening factor which is the ratio of final to initial RMS pulse width is

[

1 + 1:.2+ ~ee2 + 16 ee'1'/
2

V = !It(z) = 9-13 m 27 m

!lto (1 +~82)
3-13 m

(3.74) describes the pulse broadening factor for an initial Gaussian pulse that

experience the effects of GVD and SPM simultaneously during propagation through an

optical fiber.



(3.75)
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In the absence of SPM 8m == 0 and the above equation can be used to determine the

pulse broadening factor caused by the effect of chromatic dispersion only.

3.4 Split Step Fourier Method

The nonlinear Schrodinger equation (NLSE) is a partial differential equation that

does not generally lend itself to analytical solutions except some specific cases in

which the inverse scattering method can be employed. A numerical approach is often

necessary for understanding the interplay between group velocity dispersion and Kerr

effects of optical fibers. The method that has been used extensively to solve the pulse

propagation in nonlinear dispersive media is the split-step Fourier method. The relative

speed of this method compared with most finite-difference methods can be attributed

in part to the use of the fast Fourier transform (FFT) algorithm.

The algorithm is briefly discussed in the following.

rewriting the nonlinear Schrodinger equation

aA(t,z) a j a'A(t,z). 2
az == -2"A(t,z) -2"{32(Z) a't + JyIA(t,z)1 A(t,z)

As

aA(t,z) _ (I: + fJ)
az

Where the linear operator I: accounts for dispersion and absorption in a linear medium,

and fJ is a nonlinear operator that governs the effect of fiber nonlinearities on pulse

propagation.

The operators are given by

_ a j a'
L == -2"-"2{3'a't

fJ == jylA(t,zW

(3.76)

(3.77)



(3.78)
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When the electric field envelope, A(t,z), has propagated from Z to Z + tJ.Z, the
analytical solution of Eq.(3. 75) will have a fonn of

A(t,z + tJ.z) = exp (tJ.Z(L +AI)) A(t, z)

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 tJ.z, the dispersive and nonlinear

effects can be presented to act independently. More specifically propagation from z to

Z + tJ.Z is carried out in two steps. In the first step, the nonlinear acts alone, and L = 0
in Eq. (3.75). In the second step dispersion acts alone, and AI= o.

In the split-step Fourier method, it is assumed that the two operators commute with

each other. That is

A(t,z + tJ.z) '" exp(tJ.zL)exp(tJ.zN)A(t,z)

The exponential operator exp( !'>zL) is evaluated in the Fourier domain using

exp(!'>zL)B(t,z) = Fi1exp!!'>ZL(iw)jFTB(t,z)

(3.79)

(3.80)

(3.81)

Where FT denotes the Fourier-transfonn operation, L(iw) is obtained from Eq. (3.76)

by replacing the differential operator ~ by iw, and w is the frequency in Fourierat
domain. The use of the FFT algorithm makes numerical evaluation of Eq. (3.80)

relatively fast.

The accuracy of the split-step Fourier method can be improved by adopting a different

procedure to propagate the optical pulse over one segment from z to z + !'>z. In this

procedure Eq. (3.79) is replaced by

A(t,zHz) '" exp(~Z L)eXPcr N(Z')dz-)exp(~Z L)A(t,z)

The main difference is that the effect of nonlinearity is included in the middle of the

segment rather than at the segment boundary. Because of the symmetric form of the
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exponential operators in Eq.(3.81), this scheme is known as the symmetrized split step

Fourier method.

The accuracy of the split-step Fourier method can be further improved by

approximating the integral of Eq. (3.81) by

zHzf N(z')dz' '" ~Z [N(z) + N(z + Az)]
o

(3.82)

Dispersion
only

Nonlinearity
only

IIz=O +- liz -.

Alt.zl
•

Figure. 3.1: Schematic illustration of the symmetrized split-step Fourier method
used for numerical simulations.

The implementation of split step Fourier method is relatively straight forward. As

shown in the Fig. 3.1 the fiber length is divided in to large number of segments that

need not be spaced equally. The optical pulse is propagated from segment to segment

using the prescription of Eq.(3.8!). More specifically, the optical field A(z, t) is first

propagated for a distance I1z/2 with dispersion only using the FFT algorithm and Eq.

(3.80). At the midplane z + I1z/2, the field is multiplied by a nonlinear term that

represents the effect of nonlinearity over the whole segment length I1z. finally, the field

is propagated remaining distance I1z/2 with dispersion only to obtain A(t, z + I1z) [3].

The flow chart to determine the pulse broadening factor after propagating the pulse

through the fiber using split-step Fourier method is given in Fig. 3.2.
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Get the parameters

Nonlinearity over
l'i.z at mid point

IFFT
(for operation in the
time domain)

exp(llzfJ)

!

FFT
(for operation in the
frequency domain)

t
Dispersion over t!;zJ2

~--------------------------------------------------------------- -------------

.------------ ---------------------------------------------------------------,,,,,,,,,,,,,

FFT
(for operation in the
frequency domain)

IFFT
(for operation in the
time domain)

Yes

Determine pulse
broadening factor

Output pulse
broadening factor

Fig 3.2: Flow chart to determine Pulse Broadening factor using split-step Fourier method



49

CHAPTER 4

RESULTS AND DISCUSSIONS

Following the theoretical analysis presented in chapter 3, performance results of an

optical transmission system are presented in the following sections. The analysis is

carried out in terms of pulse broadening factor for a Gaussian input pulse that

encounters the effect of Self-Phase modulation and Chromatic Dispersion

simultaneously, the results are evaluated at different bit rate and input power for two

different types of fibers, standard single mode fiber (SSMF) and large effective area

fiber (LEAF). The parameters of this two fibers used in the theoretical computations

are given in Table 4.1.

Table- 4.1

Parameter values use for theoretical calculations

Fiber Type
Parameters (unit)

SSMF LEAF
(CORNING)

Nonlinear refractive index, n] (m2/w) 2 .35x 10,20 2.35x I0,20

Bit rates, B (Gb/s) 10 - 40 10 - 40

Wavelength, A. (nm) 1550 1550

Attenuation coefficient, a (dB/km) 0.25 0.22

Input power, Pi (mW) 30 - 210 30 - 210

Effective area, A (m2) 5.5x 10'" 7.2x 10,11

Dispersion parameter, lh (ps2/km) -20.39 -5.09

Fiber length, (km) varied
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4.1 Effect Of Chromatic Dispersion On Pnlse Broadening

8

7

6

2

o
10"

Flber length In km

Fig. 4.1: Pulse broadening factor with varying link length for SSMF fiber operating at
data rate 10 Gbps and 40 Gbps with input power 30 mW.

Fig. 4.1 shows the analytical pulse broadening factor caused by the effect of chromatic

dispersion in a standard single mode fiber (SSMF) optical transmission system,

operating in 1550 (nm) wavelength at the data rates 10 Gbps and 40 Gbps while the

input power is 30 mW. At bit rate 10 Gbps the pulse broadening factor is almost

constant up to distance 11 km, while at 40 Gbps it is only 0.5 km. At bit rate 10 Gbps

and 40 Gbps the corresponding half width of the pulse is 42.5 ps and 10.6 ps

respectively. At this pulse widths the dispersion length, at which the pulse width

becomes .fj times of the initial width defined by (Lv = T~I(2) is 90 km and 5.54 km

respectively. At 10 Gbps the pulse broadening factor becomes double at 160 km, while

it is 10 km at 40 Gbps. The width of the pulse get 8 times of the initial width at 700 km

when the system operate at 10 Gbps but it is only 43 km when the system operate at the

data rate 40 Gbps.



51

8

7

6

2

o
10"

fiber kHlgth ~ km

Fig. 4.2: Pulse broadening factor with varying link length for SSMF fiber operating at
the data rate 10 Gbps and 40 Gbps with input power 60 mW .

•
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Fig. 4.3: Pulse broadening factor with varying link length for SSMF fiber operating at
the data rate 10 Gbps and 40 Gbps with input power 60 mW.
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Fig. 4.4: Pulse broadening factor with varying link length for LEAF fiber operating at
data rate 10 Gbps and 40 Gbps with input power 30 mW.

Fig. 4.4 shows the analytical pulse broadening factor with varying link length for a

large effective area fiber (LEAF) optical transmission system, when the system operate

at the data rate 10 Gbps and 40 Gbps and the input power is 30 mW. In calculation of

the pulse broadening factor only the first order chromatic dispersion effect is

considered. From Fig. 4.4 it is observed that at bit rate 10 Gbps the pulse broadening

factor is almost constant up to distance 100 km, while at 40 Gbps it is about 40 km. The

half width of the pulse is 42.5 ps and 10.6 ps at the bit rate 10 Gbps and 40 Gbps

respectively. The corresponding dispersion length is 355 km and 22.07 km

respectively. The pulse broadening factor becomes double at 600 km when the system

operate at 10 Gbps, but it becomes 40 km when the system operate at 40 Gbps.
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Fig. 4.5: Pulse broadening factor with varying link length for LEAF fiber operating at
data rate 10 Gbps and 40 Gbps with input power 60 mW.
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Fig. 4.6: Pulse broadening factor with varying link length for LEAF fiber operating at
data rate 10 Gbps and 90 Gbps with input power 60 mW.



54

From the above graphs it is observed that the input power has no effect on chromatic

dispersion and hence not on pulse broadening factor. For the same fiber with different

input power pulse broadening factor is same until the data rate is different.

So, the effect of chromatic dispersion on pulse broadening factor can be summarized as

follows:

1. For the same fiber as the data rate increases the dispersion length decreases

that is the pulse broaden faster in shorter pulse than the longer pulse and this

is due to the fact that the frequency spectrum of the shorter pulse is wider

than the frequency spectrum of the wider pulse. Since each of the frequency

components of the pulse spectrum travel at different phase velocity down

the fiber and reach the same distance at different time the accumulated

dispersion of the shorter pulse is higher than the wider pulse, and the

amount of dispersion of the pulse increases with distance.

2. For the same data rate the amount of pulse broadening for the two different

fiber is different since they have different amount of dispersion profile, for

the same data rate and distance the pulse broadening factor in SSMF fiber is

more than LEAF fiber because the chromatic dispersion in SSMF fiber is

more than the LEAF fiber.

3. The input power has no effect on pulse broadening factor caused by the

effect of chromatic dispersion.
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4.2 Effect OfSPM On Spectral Broadening
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Fig. 4.7: Spectral broadening factor with varying link length and Input power for SSMF
fiber.

Fig. 4.7 shows the dependence of input power and transmission length on pulse spectra

caused by the effect of Self-Phase modulation (SPM) in a standard single mode fiber

(SSM F). From the figure it is observed that as the input power increases the spectral

broadening factor also increases, since the effect of nonlinearity increases with an

increase of power. The increase of the pulse spectrum is due to the fact that new

frequency components are generated by SPM continuously as the pulse propagates

down the fiber length. From the above figure it is observed that at 10 km the spectral

broadening factors are 1.050, 1.21 and 1.43 for 30 mW, 60 mW and 90 mW input

power respectively.
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Fig. 4.8: Spectral broadening factor with varying link length and Input power for LEAF fiber.

The dependence of input power and transmission length on pulse spectra caused by the

effect of Self-Phase modulation (SPM) in a large effective area fiber (LEAF) is shown

in Fig 4.8. From Fig. 4.7 and Fig. 4.8 it is observed that spectrum broadens in both of

the fibers due to the effect ofSPM but the amount of spectral broadening in SSMF fiber

is greater than LEAF fiber for the same input power and fiber length. This phenomenon

occurs due to the fact that the effective area of LEAF is larger than that of SSMF which

reduces the impact of nonlinearity result less spectrum broadening. At 90 mW input

power for SSMF the spectral broadening factor is 2 at distance 11.3 km while it is 14.2

km for LEA F fiber.

So, rrom the above graphs we can summarized the following facts about SPM on

spectral broadening:

1. As the input power increases spectral broadening increases.

2. Spectral broadening decreases with an increase of the effective area of fiber.

3. Spectral broadening increases with increase of fiber length that is new

rrequency components are generated continuously as the pulse propagates

down the fiber.
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4.3 Combined Effects of SPM and CD on Pulse Broadening
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Fig. 4.9: Broadening of a Gaussian pulse due to SPM and CD in SSMF fiber at z ~ 10
km, z ~ 15 km z ~ 20 km and z ~ 25 km.

Gaussian pulse profile at different distance, that undergoes simultaneous effect of self-

phase modulation and chromatic dispersion is shown in FigA.9 From the above figure

it is observed that the broadening of the pulse increases with distance. This incidence

arises from the fact, as the pulse travels new frequency components are generated

through the effect of SPM, this newly generated frequency components enhance the

dispersion of the pulse that come about due to the effect of chromatic dispersion. Since,

each frequency components of the pulse travel at different velocity within the fiber in

the presence of chromatic dispersion, any increase of spectra (through SPM) of pulse

increases the temporal broadening of the pulse (through CD).
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Fig. 4.10: Pulse broadening factor in SSMF fiber as a function of link length for different bit
rates with 30 mW input power.

Fig. 4.10 depicts comparative pulse broadening factor between linear dispersive case

(Considering chromatic dispersion only) and nonlinear dispersive case (Considering the

combined effects of self-phase modulation and chromatic dispersion). The simulation is

carried out for standard single mode fiber (SSMF) for two different bit rates 10 Gbps

and 40 Gbps. From figure it is observed that the pulse get compressed up to some

distance due to the combined effects of SPM and CD after which the broadening rate

of the pulse is greater than the broadening rate of GVD alone this is because as the

pulse propagates down the fiber new frequency components are generated by the

effects of SPM which enhances the effect of GVD. At 10 Gbps the nonlinear dispersive

pulse broadening factor is 8 at 600 km while it is about 39 km when the bit rate is 40

Gbps. This behavior can be described by the fact that as the data rate increases the

pulse width decreases and the pulse spectrum increases, since each frequency spectrum

components of the pulse spectrum travel at different velocity in the fiber, the pulse

broadening factor is more in 40 Gbps than 10 Gbps.
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Fig. 4.11 : Pulse broadening factor in SSMF fiber as a function of link length for different bit
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Fig. 4.12: Pulse broadening factor in SSMF fiber as a function oflink length for different bit
rates with 90 mW input power.
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Comparing Fig. 4.10, Fig. 4.11 and Fig. 4.12 we observed thaI for the same data rate as

the inpul power increases pulse broadening factor also increase since an increase in

input power will enhance the effecl of SMP, which will enhances the pulse broadening

through chromatic dispersion. At 10 Gbps the pulse width becomes doubled at about

170 km, 125 km and 90 km for the input power of 30 mW, 60 mW and 90 mW

respectively.
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10'
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Fig. 4.13: Pulse broadening factor versus link length for different bit rales with input power 60
mW for LEAF fiber.

Fig. 4.13 shows the pulse broadening factor for linear dispersive case (Considering only

chromatic dispersion) as well as nonlinear dispersive case (Considering the combined

effects of Self-Phase modulation and chromatic dispersion) for a standard single mode

fiber (SSMF) considering two different bit rate 10 Gbps and 40 Gbps when the system

operates at the peak power 60 mW. Comparing fig 4.3-5 and 4.3-3 we observed that

pulse broaden more rapidly in SSMF than LEAF fiber. AI 40 Gbps data rate and 60

mW input power the nonlinear dispersive pulse broadening faclor becomes doubled at

36 km when LEAF is used as transmission fiber but the fiber length becomes only 10
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km when SSMF is used. This is because of the small dispersion and higher effective

area of the LEAF which reduces the effect of chromatic dispersion and self-phase

modulation.
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Fig. 4.14: Pulse broadening factor versus link length for LEAF fiber when the system operates

at two different bit rates and the input power is 90 mW.

From the above figure it is observed that pulse travels about 700 km and 50 km with a pulse

broadening penalty of 4 due to the combined effect of SPM and CD when the system operates

at the bit rate of J 0 Gbps and 40 Gbps respectively.

From the above discussion the following conclusion can be drawn about the combined effect of

SPM and CD on pulse broadening

I. As, the input power increases the rate of pulse broadening also increases through

the enhancement of nonlinear factor SPM. That is the broadening of the frequency

spectrum of the pulse caused by the effect of self-phase modulation combine with

chromatic dispersion and increase the temporal spreading of the pulse.

2. Pulse broadening factor increases with an increase of Chromatic dispersion.

3. The increase of data rate increases pulse broadening.
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4.4 Comparison of Analytical Derivation with Numerical Results
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Fig. 4.15: Pulse broadening factor versus distance to compare analytical findings with
numerical results for SSMF fiber.

Fig. 4.15 shows the comparison between analytical and numerical results for SSMF

fiber in order to investigate the accuracy of the analytical formulas derived in the

prevIous chapter. The numerical results are obtained by solving the nonlinear

Schrodinger equation with split-step Fourier method. The input pulse is assumed to

have a Gaussian profile. From the above figure it is observed that the numerical and

analytical curves shows the same qualitative behavior for all the fiber lengths excepts

that the analytical results overestimates the extent of pulse broadening at the input

power of 30 mWand 210m W, and at 90 mW it underestimates the numerical results.
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Fig. 4.16: Pulse broadening factor versus distance to compare analytical findings with
numerical results for LEAF fiber.

The comparison between analytical and numerical results for LEAF fiber is shown in

fig. 4.16. The numerical results are obtained by solving the nonlinear Schrodinger

equation with split-step Fourier method. The input pulse is assumed to have a Gaussian

profile. From the figure it is observed that the numerical and analytical curves have the

same qualitative behavior for all the fiber lengths excepts that the analytical results

overestimates the extent of pulse broadening at the input power of 210m Wand 90

mW, and at 30 mW it underestimates the numerical results.
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4.5 Pulse Compression by the Effect of SPM and CD
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Fig. 4.17: Pulse compression by the effects ofSPM and CD.

Fig. 4.17 shows the plots of transmission length versus pulse compression factor for a

Gaussian pulse for various input power when the system operates at the data rate 10

Gbps. Since the pulse fluctuation introduced by SPM is intensity dependent, different

paris of the pulse undergo different phase shift. This leads frequency chirping, in which

the leading edge experience down shift (red shift) and trailing edge up shift ( blue

shift). On contrary, chirping introduce by GVO in the anomalous-dispersion regime is

up shift in the leading edge and down shift in the trailing edge. The two chirping are

opposite in sign and cancel each other at some distance. The pulse shape adjusts itself

during propagation to make such cancelation as complete as possible. At relatively

shorter distance SPM induce chirping is higher than GVO induce chirping. As a result,

the pulse gets compressed due to the interplay of SPM and GVO up to a particular

distance and gets its minimum width which is shown in Fig. 4.16, after this distance the

pulse width further broadens. From the plots, it is revealed that as the input power

increases, the amount of pulse compression also continues up to certain length. For

example, at 90 mW input power the pulse attains a compression ratio of 0.7 at a

distance of30 km.
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CHAPTERS

CONCLUSION AND FUTURE WORK

In this final chapter, we summarize the conclusions that can be drawn from the

research performed for this dissertation, and then provide suggestions for future

research.

5.1 Conclusion of this Study

A detailed theoretical analysis is carried out to get an expressIOn of pulse

broadening factor for a pulse that is affected by the combined effects of chromatic

dispersion and self-phase modulation(SPM) in an optical fiber communication system.

While analyzing the effect of chromatic dispersion on pulse broadening it is found

that the pulse broadening factor increases with an increase of bit rate. For example in

the case of standard single mode fiber (SSMF) for a broadening penalty of 2 the pulse

propagates aboutl68 km and 9.9 km for the bit rate of 10 Gbps and 40 Gbps

respectively. It is also found that increasing fiber link length increases pulse broadening

factor. It has observed that the impact of self-phase modulation depends on the input

power as well as transmission link length as the input power or fiber length increases

spectral broadening factor induced by SPM also increases. As an example, at 10 km the

spectral broadening factor is 1.06, 1.22 and 1.44 for the input power of30 mW, 60 mW

and 90 mW respectively. The combined effect of SPM and CD shows a different

behavior on pulse propagation the pulse get compressed up to a fixed distance due to

the interplay between SPM and CD as a result up to this distance the broadening factor

is less than the broadening factor induced by chromatic dispersion only. After this

length the pulse broaden more rapidly compared to the broadening caused by CD.

Under all of the conditions the pulse broaden more rapidly in the standard single mode

fiber (SSMF) than large effective area fiber (LEAF) since LEAF has less chromatic

dispersion and nonlinear effect. For example in SSMF fiber at 60 mW input power and

10 Gbps data rate pulse broadening factor at 400 km is 8 while it is only 1.5 in LEAF

fiber.
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5.2 Recommendations for Future Work

In our dissertation, we have neglected second-order dispersion effect by setting

fJ3~O, future work can be carried out to derive an expression for pulse broadening factor

considering the effects of fJ2, fJ3 and SPM together. Another assumption is made in this

research work is that the chirp in light sources is negligible. In the linear regime, it is

well known that the chirp may broaden or compress the output pulse width depending

on the dispersion region. Therefore, in the presence of the fiber nonlinearities and

dispersion, it is of interest to see how the results change with the chirp parameter.

Future work is suggested to investigate the compensation of pulse broadening factor

by using different types of multi carrier modulation (MCM) like orthogonal frequency

division multiplexing (OFDM).
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APPENDIX A

FULL WIDTH AT HALF MAXIMUM OF GAUSSIAN FUNCTION
(FWHM)

In this appendix we present method to obtaining the full width at half maximum

(FWHM) of the Gaussian function.

In one dimension the Gaussian function is the probability density function of the form

[(x) = e-x'/2'" (A.I)

The full width at half maximum (FWHM) for a Gaussian function is found by finding

the half-maximum points xo.

But [(xmax) occurs at xmax = 0 so

'I' 1 1e-xo 2" = - [(0) = _2 2

Solving,

x'
__ 0 = -/n2

2'"
Xo = ::!:1T";2 /n2

The full width at half maximum is therefore given by

FWHM = X+ - X_ = 2 -J2/n2 IT '" 2.3548 IT

(A.2)

(A.3)

(A.4)

(A.5)

(A.6)

(A.?)
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APPENDIXB

FOURIER TRANSFORM OF A GAUSSIAN FUNCTION

In this appendix we present method for obtaining an analytical closed-form solution to

the Fourier transform of a Gaussian function.

The Fourier transform pair is defined as

+00

F(w) = f J(t) eiwtdt
-00

+00

1 f .J(t) = - F(w) e-lwtdw
2rr

-00

The Fourier transform of an (un-normalized) Gaussian function J(t) is

(8. I)

J(t) = e( -:;,) •
F

• ( 1 'T')F(w) = J2iiTe -,.,

Different the Gaussian function with respect to t.
d
d/(t) = -tT-2J(t) (B.2)

Apply the Fourier transform to eq. (2) by using the differential property in time for the

left side and differential property in frequency for the right side.

d
jwF(w) = T-2_. -F(w)

jdw

Which can be written as
d

(iF(w)w _ -wT2
F(w)

Integration of both terms yields

w~F(w') w

f dw' dw' = - f w'T2dw'
F(w')

o 0

(8.3)

(BA)



1
InF(w) -lnF(O) = -'2w2T2

Taking the exponent of both sides yields

1 2 2
F(w) = F(O)e-ZW T

With
+00

J
t2

F(O) = e 2T2 dt = V'iiiT
-00

Substituting the value F(O) in eq. (5)

( 1 2 2)F(w) = V'iiiTe -ZW T

So, the Fourier transform of a Gaussian function is also Gaussian.

(8.5)

(8.6)
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APPENDIXC

DERIVATION

00 CI e-X'dXY (C.l)J e-x'dx =
-00 ,

- CI e-X'dX) (1e-x'dX) (C.2)

,

- (1e-Y' dY) (1e-X' dX),
00 00

= J J e-(x'+y'ldxdy (C.3)
,-0) -00

Using the following transform to (C.3)
x = rcosO
y = r sin 0
ax ax

j (X,Y) = ar ao = ICOSO -rsinol = r
r,O ay ay sin 0 rcos 0

ar ao

2" 00

= J J e-r'jdrdO
,o 0

2" 00

= J J e-r'r drdO (CA)

-J o 0

2"

= J [-~(e-OO - eO)] dO
, 0

.
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J[i== [~d8

= J~[8n"

=,fii
~

fe-X'dx = ,fii (C.S)
-~

~

f (t
2
T0

2
)

(C.6)
10= exp - dt

_~ To4 + p/z2

Let,

T0
2

4 2 = a (C.7)
To +P2 Z2

~

10= f exp(-at2)dt (C.8)

-~
Put,

t = a-1/2y
dt = a-'/2dy
y2 = at2

~

10= J e-Y' a-1/2dy
-~ ~
1 f •10=- e-Y dy

,Ja -~
Since

~

f e-Y'dy = ,fii
-~

,fii
10=- (C.9)

,Ja

00

12= f t2exp(
t2~ 2 )

~ 4 ; 2 2 dt
(C.IO)

-00
o + 2 Z "



Putting the value of a in (C. 10)

12= J t2exp( -at')dt
-00

Differentiating (C. 8) with respect to a
00

.!!- (To)= J -t2exp( -at2)dtda
-00

1..;Ti
12= 2" a3/2

Divide (C.12) by (C.9)

Putting the value of a in (C.I3)

12 T04+p/z2-= 2
10 2To

So,

(C. I I)

(C.12)

(C. 13)
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(
2r. 2 )00 t2e t 0 dtLoo xp To4 + P22Z2

foo ( t2T0
2
) dt

-00 exp - To4 +P2 2Z2
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