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ABSTRACT 

The present epoch of communication is placing an extensive data transmission load on 

the optical networks and due to some impairments like group velocity dispersion (GVD), 

non-linearity and frequency chirping, leads to more signal distortion and limits the 

transmission distance significantly in high bit rate optical system. The chirp of an optical 

pulse is the time dependence of its instantaneous frequency and it can result from 

refractive index changes associated with changes in carrier density within the laser or 

during propagation due to effect of GVD and nonlinearities. In this research work, 

analytical and numerical analysis have been carried out to evaluate the transmission 

performance by solving the nonlinear Schrödinger equation considering GVD and 

chirped Gaussian pulse as input in terms of pulse broadening factor and also numerical 

analysis have been carried out for the above mentioned impairments. The results are 

evaluated at various data rates, different input powers as a function of transmission 

distance using standard single mode fiber (SSMF), large effective area fiber (LEAF), 

non-zero dispersion shifted fiber (NZDSF), multi-clad dispersion flattened fiber 

(MCDFF) and multi-clad dispersion shifted fiber  (MCDSF). The performance 

evaluations are also presented in 3D environment for all 5 types of fiber. Results show 

that MCDSF gives better performance than SSMF, LEAF, NZDSF or MCDFF for same 

bit rate, power, link length and chirping factor. The results and observations of this 

research work will be helpful to design high bit rate long haul optical transmission 

system in an intensity modulated and direct detection fiber-optic system. 
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CHAPTER 1 

INTRODUCTION 

 

1.1    Brief Historical Perspective of Optical Communication 

Over the years, many forms of communication systems have been devised. The 

basic motivations behind each new form were to improve the transmission fidelity, 

to increase the data rate and to enhance the transmission distance between repeater 

stations. In 1790, a French Engineer Claude Chappe invented “optical telegraph". 

His system was a series of semaphores mounted on towers where human operators 

relayed messages from one tower to the next by moving semaphorearms [1]. In 

1844, the first commercials telegraph service was implemented using wire cables 

[2]. In 1870, John Tyndall, using a jet of water that flowed from one container to 

another and a beam of light, demonstrated that light can be internally reflected to 

follow a specific path. As water poured out through the spout of the first container, 

Tyndall directed a beam of sunlight at the path of the water. The light followed a 

zigzag path inside the curved path of the water. This simplex experiment was 

marked as the first research into the guided transmission of light.  

In1880, William Wheelerde signed a system called piping light for transfer of the 

light in a building. The light was launched into one end of the system. A series of 

pipes and ducts carried the light by internal reflection to different rooms of the 

building.  In the same year (1880), Alexander Graham Bell invented a 

communication device called photo-phone which contained a reflecting 

membrane. When sound waves produced vibrations in the membrane; it modulated 

the light incident on it. That modulated light was gathered and demodulated at the 

receiver side by another photo--phone, and thus the sound signal was received. The 

transmission distance of around 200 meter was achieved using this device [3].  

Wire cable was the only transmission medium for electrical signals until 1887, 

when Heinrich Hertz discovered long-wavelength electromagnetic radiation. The 

first communication experiment based on this discovery was done in 1895 in the 

form of radio transmission by Guglielmo Marconi. In 1895, French Engineer Henry 

Saint-Renede signed a system of bent glass rods for guiding light images. In 1898, 
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David Smith applied for a patent on a bent glass rod device to be used as a surgical 

lamp. In the 1920's, Englishman and Clarence Hansell patented the idea of using 

arrays of transparent rods to transmit images for television and reproduction 

respectively. Also, in 1920s, the un-cladded glass fibers were fabricated. In 1930, 

German medical student Heinrich Lamm was the first person to assemble a bundle 

of optical fibers to carry an image to look inside the inaccessible parts of the body 

[4-5]. The field of fiber optics experienced a rapid rate of progress in the second 

half of the twentieth century. Considerable improvements were made by the 

development of cladding material [ 6 ] .  In 1950s, image-transmitting   device called 

fibers cope was developed concurrently by Brian O’Brianat the American Optical 

Company, and Narinder Kapany and his colleagues at the Imperial College of 

Science and Technology London [7].  

Narinder Kapany was also the person who used the term ‘fiber optics’ for the first 

time in1956.The  fiber scope was  quickly accepted for many applications especially 

for imaging purposes in the medical field. However, excessive optical loss was the 

major problem with this fiber scope.  This technology has evolved over the years to 

make laparoscopic surgery as one of the great medical advances of the twentieth 

century. In 1954, Abraham Van Heel and Harold H.  Hopkins separately wrote 

papers on imaging bundles. Hopkins reported on imaging bundles of unclad fibers 

while Van Heel reported on imaging bundles of cad fibers. Van Heel covered a bare 

fiber with a transparent cladding of a lower refractive index. This protected the fiber 

reflection surface from outside distortion and guided the light properly through 

fiber. However, still the challenge was to overcome high losses of the fiber [8]. Due 

to the principle that “higher the carrier frequency, the larger will be the available 

transmission bandwidth “and thus larger the information-carrying capacity of the 

communication systems, researchers in the electrical communication field tried to 

employ higher frequencies.  Television,   radar and microwave   links use higher 

frequencies to carry wideband signals. In 1960, a major breakthrough came into the 

communication world due to the invention of LASER -Light Amplification by 

Stimulated Emission of Radiation. Laser provided powerful coherent light source 

together with the possibility of modulation at higher frequencies [9]. At that time, 

experiments were carried out for optical transmission using atmospheric media. 
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However serious limitations over the communication distance using free space 

channel were observed due to rain, fog, snow, dust, etc. A strong need was felt for a 

suitable guided media for the optical transmission, also having additional 

advantages such as bending the beam around the corners and that could also be 

buried in the ground. In 1966, fiber with attenuation of 1000 dB/km was developed 

by two researchers in Harlow. In that era, optical fibers couldn’t get attention due to 

high loss in comparison with typical loss of 5-10 dB/km of coaxial cables. In 1966, 

Kao, Hockham and Wert investigated and showed that high losses of fibers were 

due to impurities, and not due to silica glass itself. Their research showed that the 

losses could be reduced to a level where optical fiber can be accepted as a 

transmission media.  

The fiber development was geared at high pace in 1970 when Kapron, Keck and 

Maurer of the Corning Glass Works fabricated fiber having attenuation below 20 

dB/km. By this development, the dream of optical fiber communications became 

realizable which opened the doors for further research work. In parallel to the 

developments of low loss fibers, a number of lasers were also invented of referring 

different wavelengths out of which some were suitable for low loss in the optical 

fiber. In 1972, a glass fiber with an attenuation coefficient of 4-5 dB/km was 

developed, followed by the manufacturing of a fiber having attenuation as low as 

1dB/km in1976.  In 1979, the silica glass fiber was developed with losses of about 

0.2 dB/km at 1.55 µm. This lower limit is mainly due to the fundamental Rayleigh 

scattering loss. In 1979, a new generation of single-mode systems was beginning to 

find applications in submarine cables and systems serving large numbers of 

subscribers. They were operated at 1.55µm allowing longer repeater spacing. The 

first transatlantic system (TAT-8) was laid down in 1988 using the combination of 

low loss fiber and laser diodes. In 1990, Bell Labs transmitted a 2.5 GB/s signal 

over 7500 km without regeneration. The system used a soliton laser and erbium-

doped fiber amplifiers (EDFAs) that allowed the light wave to maintain its shape 

and intensity [10]. Still the potential bandwidth offered by fiber was under-utilized 

in single channel systems. The solution was found in the form of wavelength 

division multiplexed (WDM) systems. 

Early WDM began in the late 1980s. In these systems, two widely spaced 
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wavelengths (850 nm and 1310 nm, or 1310 nm and 1550 nm) were used. In the 

early 1990s,  WDM  with  two  to  eight  channels  were  used  with  channel  

spacing  at  an interval of about 400 GHz in the 1550 nm window. Dense WDM 

(DWDM) emerged in mid-1990s, with 16 to 40 channels and spacing from 100 to 

200 GHz. By the late 1990s, advancement in DWDM systems geared by having 64 

to 160 parallel channels, densely packed at 50 or even 25 GHz intervals [11]. 

Today, high performance, low loss and reliable optical fiber communication 

systems are widely deployed within telecommunication networks across the world. 

 

1.2   Related Research Works 

Over the years, lots of research work has been carried out to analyze the harmful 

effect of fiber nonlinearity and dispersion on optical transmission system. The group 

velocity dispersion (GVD) and self-phase modulation (SPM) is the most important 

effect among the various fiber nonlinearities and dispersion that limits the system 

performance. In the following section, we are describing some of the research works 

those are carried out to evaluate the impact of SMP and GVD in optical transmission 

system.   

 

Miyagi M.et al. (1979) investigated the pulse spreading in a single mode optical fiber 

due to the second order GVD with a finite spectral width optical source is modulated 

by a Gaussian shape pulse [12]. 

 

D. Marcuse (1979) presented formulas for the spectrum of ensemble average of the 

optical pulse propagating in a single mode fiber considering the pulse profile and the 

light source as Gaussian by expanding the propagation constant in a Taylor series up 

to third order with respect to frequency [13]. Results showed that the width of the 

received pulse strongly depends on the spectral width of the source. 

 

Approximate formulas for the frequency broadening of an optical pulse due to self-

phase modulation have been presented in [14-16]. An exact formula for the rms 

frequency width of a Gaussian input pulse [17] derived by S. C. Pinault and M. J. 

Potasek (1985) undergoing the effects of self-phase modulation. 
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Considering self-phase modulation, group velocity dispersion and 2nd order group 

velocity dispersion in terms of eye opening penalty A. Naka and S. Saito (1994), 

have evaluated the effect of chromatic dispersion and self-phase modulation [18]. It 

is observed 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.  

 

Majumder et al. (1998) evaluated the impact of GVD analytically in a WDM optical 

network in terms of bit error rate (BER) [19]. They had shown that the performance 

of the optical transmission system highly degrades by fiber dispersion and dispersion 

put on several restrictions on the number of nodes and the node spacing.  

 

T. Ito, Y. Yano, T. Ono and, K. Emura (1998) investigated pre-chirping effect can be 

used to inhibit waveform distortion caused by SPM–GVD effect [20]. 

 

Pulse broadening due to higher order dispersion is investigated for Gaussian pulse 

profile by M. Amemiya (2002) [21]. 

Sandra et al. (2003) investigated the performance for a non-magnetic and uncharged 

dielectric optical fiber due to higher order dispersion in terms of the pulse broadening 

by solving wave equation [22]. 

 

The SPM and cross phase modulation (XPM) induced phase noise in a differential 

phase shift keying system investigated theoretically and experimentally by Hoon 

(2003). It is found that the XPM induced phase noise becomes as large as SPM 

induced phase noise in a non-zero dispersion shifted fiber link for channel spacing 

less than 100 GHz. BER degradation is also observed for two channel systems as 

compared to a single channel systems [23]. 

 

Sergey M. Salakhov (2005) finds the impact of SPM in the presence of GVD using 

beam propagation method on the BER performance of an optical heterodyne 
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continuous phase frequency shift keying transmission system by determining the 

phase distortion induced by SPM at the output of the filter [24]. 

 

A.V. Ramprasad et al. (2006) have solved the nonlinear Schrödinger equation 

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

polarization concepts to show the effects of SPM and GVD through simulation [25]. 

 

To observe the effects of attenuation, dispersion and non-linearity when the system 

operates at 1550 micrometer wavelength,  a numerical simulation method on a single 

mode optical fiber link using VC++ has provided by S.H.S, Al-Bazzaz (2008) [26]. 

 

Over sampling beyond the bitrate according to Nyquist theorem combined with 

vectorial maximum likelihood sequence equalizer and wide filtering to mitigate the 

effect of inter symbol interference caused by SPM, using simulation through BER 

and signal to noise ratio was proposed by O. Rozen et al. (2008) [27]. 

 

Hamza et.al. (2008) presented pulse broadening caused by different factors and 

compensation of this broadening effect is analyzed using the genetic algorithm [28]. 

The SPM producing spectral changes is observed by M. Y. Hamza, S. Farah, S. 

Yang, and N. Sarwar (2010) with standard single mode fiber in normal versus 

anomalous dispersion regimes [29]. 

The effects of XPM with SPM and GVD and SPM with CD in WDM fiber optic 

transmission system is proposed analytically by split step Fourier method by N. 

Sultana and M. S. Islam (2012) [30]. 

From the above discussion and literature review, we found that most of the research 

works evaluated the impact of the impairments in terms of pulse broadening factor 

(PBF) assuming the input as simple Gaussian pulse profile. Analytical modeling is 

yet to be reported to assess the combined effect of chirping, GVD and self -phase 

modulation in terms of PBF for various kinds of fiber. In addition, it is also important 

to investigate the pulse broadening in 3D environment under the influence of same 

impairments.  Therefore, an attempt is made to develop an analytical approach to 
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study the pulse broadening caused by the combine effect of chirping and GVD for 

different fibers to interpret the performance limitations in high speed transmission 

systems. 

 

1.3   Objectives with Specific Aims and Possible Outcome 
 

The goal of this research is to determine the combined effects of chirping, GVD and 

self- phase modulation in high speed intensity modulation-direct detection (IM-DD) 

optical fiber communication system in terms of pulse broadening.  To meet the goal, 

the following objectives have been identified: 
 

i) To develop an analytical model of optical transmission system impaired by 

GVD considering chirped Gaussian pulses as input. 

ii) To observe the effect of pulse broadening using the analytical model for 

different optical fibers. 

iii) To investigate the combined effect of chirping, GVD and self -phase 

modulation on pulse broadening in 3D environment with the aid of nonlinear 

Schrodinger equation (NLSE) through numerical simulation. 

Outcome 

The results and observations of this research work will be helpful to design a high bit 

rate long haul optical transmission system in an intensity modulated system. 

 

1.4 Outline of Methodology 

In order to study the impact of pulse broadening caused by frequency chirping and 

GVD, a model will be developed for intensity modulated optical transmission system 

for different fibers like standard single mode fiber (SSMF), large effective area fiber 

(LEAF),  non-zero dispersion shifted fiber (NZDSF), multi-clad dispersion flattened 

fiber (MCDFF), multi-clad dispersion shifted fiber  (MCDSF), etc. The amount of 

pulse broadened can be expressed as PBF which is the ratio of RMS half-width of the 

propagating pulse at a distance to the RMS half-width of the input pulse. 
 

Analysis will be carried out for chirping and GVD to find expressions of PBF as well 

as normalized output by solving the NLSE analytically. MATLAB simulation 
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software will be used to visualize and interpret the effects of frequency chirping, 

GVD and self- phase modulation at various data rates by varying chirping parameters 

for various fibers. Then numerical simulation will be done through split step Fourier 

method with same data to compare with analytical result. Also, the propagated pulse 

performance in different fibers will also investigated by 3D view of the pulses 

considering all the 3 effects.  

 

1.5 Outline of the Thesis 

This thesis consists of five chapters. The chapters are described as follows: 

Chapter 1introduces brief historical perspective of optical communication and then a 

detailed list of previous works on the effect of SPM and GVD in optical transmission 

systems is described. After that, objectives with specific aims and possible outcome 

and methodology of the thesis are presented in this chapter. 

 

Chapter 2 describes light propagation theory, various types of fiber and different 

fiber impairments such as losses, dispersion, non-linearity. Chirping effect on optical 

fiber transmission is also shown here. Emphasis was given on SPM and GVD for 

understanding the subject matter. 

 

Chapter 3 shows the analytical derivation of normalized output due to the effects of 

chirping and GVD. Also a numerical analysis is performed for combined effect of 

chirping, GVD and SPM. 

 

Chapter 4 presents results of the analytical derivation and numerical simulation in 

2D and 3D environment. The variations of results are observed for different bit rate, 

power, link length and chirping factor for different types of fiber such as standard 

single mode fiber (SSMF), large effective area fiber (LEAF), and non-zero dispersion 

shifted fiber (NZDSF) multi-clad dispersion flattened fiber (MCDFF) and multi-clad 

dispersion shifted fiber  (MCDSF). 

Chapter 5 concludes the thesis and recommendations for future work is also 

available in this chapter. 
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      CHAPTER 2 

OPTICAL FIBER AND ITS IMPAIRMENTS 

 

2.1 Introduction 

An optical fiber is a flexible filament of very clear glass capable of carrying 

information in the form of light. Optical fibers are hair-thin structures created by 

forming pre-forms, which are glass rods drawn into fine threads of glass protected by 

a plastic coating. Fiber manufacturers use various vapor deposition processes to make 

the pre-forms. The fibers drawn from these pre-forms are then typically packaged 

into cable configurations, which are then placed into an operating environment for 

decades of reliable performance. 

The two main elements of an optical fiber are its core and cladding. The "core", or 

the axial part of the optical fiber made of silica glass, is the light transmission area of 

the fiber. It may sometimes be treated with a "doping" element to change its 

refractive index and therefore the velocity of light down the fiber. 

The "cladding" is the layer completely surrounding the core. The difference in 

refractive index between the core and cladding is less than 0.5 percent. The refractive 

index of the core is higher than that of the cladding, so that light in the core strikes 

the interface with the cladding at a bouncing angle, gets trapped in the core by total 

internal reflection, and keeps traveling in the proper direction down the length of the 

fiber to its destination. 

Surrounding the cladding is usually another layer, called a "coating," which typically 

consists of protective polymer layers applied during the fiber drawing process, before 

the fiber contacts any surface. "Buffers" are further protective layers applied on top 

of the coating. Optical fibers are circular dielectric wave-guides that can transport 

optical energy and information. The dielectric waveguide is different from a metallic 

waveguide which is used at microwave and millimeter wave frequencies. In a 

metallic waveguide, there is a complete shielding of electromagnetic radiation but in 

an optical fiber the electromagnetic radiation is not just confined into the fiber but 
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also extends outside the fiber. The light gets guided inside the structure, through the 

basic phenomenon of total internal reflection [31]. 

 

2.2  Propagation of Light through Optical Fiber 

A light ray is launched in a plane containing the axis of the fiber. We can then see 

the light ray after total internal reflection travels in the same plane, i.e., the ray is 

confined to the plane in which it was launched and never leave the plane. In this 

situation the rays will always cross the axis of the fiber [32]. These are called the 

Meridional rays. The other possibility is that the ray is not launched in a plane 

containing the axis of the fiber. For example, if the ray is launched at some angle 

such that it does not intersect the axis of the fiber, then after total internal reflection 

it will go to some other plane. We can see that in this situation the ray will never 

intersect the axis of the fiber. The ray essentially will spiral around the axis of fiber. 

These rays are called the Skew rays. 

 

 
Fig.2.1: Optical fiber with core,cladding and total internally reflecter ray 

 

2.3 Classification of Optical Fiber 

In optical communication there are two basic types of fiber. These  are- 

1. Multi-mode fiber 

2. Single-mode fiber 

Again based on the refractive index profile of the core the fiber can be classified as- 

     a. Step index 

     b. Graded index 
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2.3.1    Multi-Mode Fiber  

In a multimode fiber, the core diameter is much bigger than the wavelength of the 

transmitted light. A number of modes can be simultaneously transmitted. Fiber 

modes are related to the possible ways the light travels inside the fiber. The primary 

mode travels parallel to the axis of the fiber and therefore takes the minimum time to 

reach the end of the fiber. When the incoming beam enters with an angle respect to 

the fiber axis, the light will follow a longer path and therefore will take longer to 

reach the end. The number of modes that can be transmitted along the fiber increases 

with the core diameter. 

Multimode fiber, the first to be manufactured and commercialized, simply refers to 

the fact that numerous modes or light rays are carried simultaneously through the 

waveguide. Modes result from the fact that light will only propagate in the fiber core 

at discrete angles within the cone of acceptance. This fiber type has a much larger 

core diameter, compared to single mode fiber, allowing for the larger number of 

modes, and multimode fiber is easier to couple than single-mode optical fiber. 

Multimode fiber may be categorized as step-index  and graded index fiber. 

 
 

Fig.2.2:  Multi- mode Fiber 

2.3.2   Single-Mode Fiber 

Single-mode fiber allows for a higher capacity to transmit information because it can 

retain the fidelity of each light pulse over longer distances, and it exhibits no 

dispersion caused by multiple modes. Single-mode fiber also enjoys lower 

fiber attenuation than multimode fiber. Thus, more information can be transmitted per 

unit of time.  

http://www.fiber-optics.info/fiber_optic_glossary/step-index_fiber
http://www.fiber-optics.info/fiber_optic_glossary/attenuation
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Fig. 2.3:   Single-mode Fiber 

 

Like multimode fiber, early single-mode fiber was generally characterized as step-

index fiber meaning the refractive index of the fiber core is a step above that of the 

cladding rather than graduated as it is in graded-index fiber. Modern single-mode 

fibers have evolved into more complex designs such as matched clad, depressed clad 

and other exotic structures. 

Single-mode fiber has disadvantages. The smaller core diameter makes coupling light 

into the core more difficult. The tolerances for single-mode connectors and splices 

are also much more demanding. Single-mode fiber has gone through a continuing 

evolution for several decades now. As a result, there are three basic classes of single-

mode fiber used in modern telecommunications systems. The oldest and most widely 

deployed type is non dispersion-shifted fiber (NDSF). These fibers were initially 

intended for use near 1310 nm. Later, 1550 nm systems made NDSF fiber 

undesirable due to its very high dispersion at the 1550 nm wavelength. To address 

this shortcoming, fiber manufacturers developed, dispersion (DSF), that moved the 

zero-dispersion point to the 1550 nm region. Years later, scientists would discover 

that while DSF worked extremely well with a single 1550 nm wavelength, it exhibits 

serious nonlinearities when multiple, closely-spaced wavelengths in the 1550 nm 

were transmitted in DWDM systems. Recently, to address the problem of 

nonlinearities, a new class of fibers was introduced. These are classified as non -zero-

dispersion-shifted fibers (NZ-DSF). Single-mode fibers experience nonlinearities that 

can greatly affect system performance. 

 

 

http://www.fiber-optics.info/fiber_optic_glossary/non_dispersion-shifted_fiber1
http://www.fiber-optics.info/fiber_optic_glossary/nonlinearities
http://www.fiber-optics.info/fiber_optic_glossary/non_zero-dispersion-shifted_fiber
http://www.fiber-optics.info/fiber_optic_glossary/non_zero-dispersion-shifted_fiber
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2.3.2.1     Multimode Step Index Fiber 

Figure 2.4(a) shows how the principle of total internal reflection applies to 

multimode step-index fiber. Because the core's index of refraction is higher than the 

cladding's index of refraction, the light that enters at less than the critical angle is 

guided along the fiber. 

Three different light waves travel down the fiber. One mode travels straight down the 

center of the core. A second mode travels at a steep angle and bounces back and forth 

by total internal reflection. The third mode exceeds the critical angle and refracts into 

the cladding. Intuitively, it can be seen that the second mode travels a longer distance 

than the first mode, causing the two modes to arrive at separate times. This disparity 

between arrival times of the different light rays is known as dispersion, and the result 

is a muddied signal at the receiving end.  

 

2.3.2.2    Multimode Graded Index Fiber 

Graded index refers to the fact that the refractive index of the core gradually 

decreases farther from the center of the core. The increased refraction in the center of 

the core slows the speed of some light rays, allowing all the light rays to reach the 

receiving end at approximately the same time, reducing dispersion.  

Figure 2.4(b) shows the principle of multimode graded-index fiber. The core's central 

refractive index, , is greater than that of the outer core's refractive index, . As 

discussed earlier, the core's refractive index is parabolic, being higher at the center. 

As Figure 2.4 (b) shows, the light rays no longer follow straight lines; they follow a 

serpentine path being gradually bent back toward the center by the continuously 

declining refractive index [33]. This reduces the arrival time disparity because all 

modes arrive at about the same time.  

 
Fig. 2.4(a): Multimode Step-index Fiber 

http://www.fiber-optics.info/fiber_optic_glossary/index_of_refraction
http://www.fiber-optics.info/fiber_optic_glossary/critical_angle
http://www.fiber-optics.info/fiber_optic_glossary/total_internal_reflection
http://www.fiber-optics.info/fiber_optic_glossary/dispersion
http://www.fiber-optics.info/fiber_optic_glossary/refractive_index
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Fig. 2.4(b): Multimode Graded-index Fiber 

Fig. 2.4:   Total internal reflection in multimode step and graded index fiber 

 

The modes traveling in a straight line are in a higher refractive index, so they travel 

slower than the serpentine modes. These travel farther but move faster in the lower 

refractive index of the outer core region. 

 

2.4   Optical Fiber Types Specified by ITU-T Standard 
 

2.4.1   Multimode Optical Fibers 

 
The characteristics of a multimode graded index optical fiber cable were specified in 

recommendation ITU-TG.651, originally published in 1984 [34]. Recommendation 

ITU-TG.651 covered the geometrical and transmissive properties of multimode 

fibers having a 50μm nominal core diameter and a 125μm nominal cladding 

diameter. That recommendation was developed during the infancy of optical fiber 

solutions for publicly switched networks. At that time (pre-1984), these multimode 

fibers were considered as the only practical solution for transmission distances in the 

tens of kilometers and bit rates of up to 40 Mbit/s. Single-mode fibers, which 

became available shortly after the publication of ITU-T G.651, have almost 

completely replaced multimode fibers in the publicly switched networks. Today, 

multimode fibers continue to be widely used in premises cabling applications such 

as Ethernet in lengths from 300 to 2000 m, depending on bit rate. With a change in 

the applications, the multimode fiber definitions, requirements, and measurements 

evolved away from the original ITU-TG.651 and were moved to the modern ITU 

equivalent, recommendation ITU-T G.651.1. Recommendation ITU-TG.651.1, 

characteristics of a 50/125μm multimode graded index optical fiber cable for the 

optical access network, provides specifications for a 50/125μm multimode graded 



15 
 

 

index optical fiber cable suitable to be used in the 850nm region or in the1300 nm 

region or alternatively may be used in both wavelength regions simultaneously. This 

multimode fiber supports the cost-effective use of 1 Gbit/s ethernet systems over 

link lengths up-to 550 m, usually based upon the use of 850 nm transceivers. Due to 

the high connection density and the short distribution cable lengths, cost-effective 

high capacity optical networks can be designed and installed by making use of 

50/125 μm graded index multimode fibers. 

 

2.4.2   Single Mode Optical Fibers 

2.4.2.1   The ITU-T First Single Mode Optical Fiber 

The first single-mode optical fiber was specified in recommendation ITU-TG.652, 

characteristics of a single-mode optical fiber and cable, and for this reason, the ITU-

TG.652 fibers are often called, “standard single-mode fibers”. These fibers were the 

first to be widely deployed in the public network and they represent a large majority 

of fibers that have been installed. Recommendation ITU-TG.652 describes the 

geometrical, mechanical, and transmission attributes of a single-mode optical fiber 

and cable which has zero-dispersion wavelength around 1310nm. This fiber was 

originally optimized for use in the 1310nm wavelength region, but can also be used 

in the 1550nm region.  

For this reason, it was agreed to create different categories of ITU-TG.652 fibers. At 

the present time there are four categories, A, B, C, and D, which are distinguished on 

the PMDQ link .Design value specification and whether the fiber is LWP or not, i.e. 

water peak is specified (LWP) or it is not specified (WPNS), as shown in Table 2.1. 

Table 2.1:  ITU-T G.652 fiber categories 
 

 

Category Maximum PMDQ (ps/km
1/2

) 
 

Water Peak 

A 0.5 WPNS 
B 0.2 WPNS 
C 0.5 LWP 
D 0.2 LWP 
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2.4.2.2   Dispersion Shifted Single Mode Optical Fiber 

The characteristics of a dispersion-shifted single-mode optical fiber are described in 

recommendation ITU-TG.653. This fiber has a nominal zero-dispersion wavelength 

close to 1550nm and a dispersion coefficient that is monotonically increasing with 

wavelength. This fiber was initially developed for use in single-channel high bit rate 

and long distance transmission in the 1550nm region (where the attenuation 

coefficient is smallest) by shifting the zero-dispersion wavelength of the ITU-T 

G.652 fiber to around 1550 nm. This fiber is optimized for use in the 1550nm 

region, but may also be used at around 1310 nm subject to the constraints outlined in 

the recommendation. Some provisions are made to support transmission at higher 

wavelengths up to1625 nm and lower wavelengths down to 1460nm. 

This was the second recommendation for single-mode fiber and cable, and it was 

first created in 1988. The current version contains two categories, A and B, that are 

distinguished on the PMDQ  link design value specification, the description of the 

chromatic dispersion coefficient, the geometrical parameters and the macro bending 

loss specifications. The zero-dispersion wavelength is within the operating 

wavelength range from 1525nm to 1575nm, so that it performs very well for single- 

channel systems (e.g.ITU-TG.957,ITU-TG.691 and ITU-TG.693 systems),but non-

linear effects are deleterious in dense wavelength division multiplexing (DWDM) 

systems with an equal channel spacing in the 1550nm wavelength region. However, 

this category is also suitable for multi-channel systems (e.g. ITU-TG.692 and ITU-

TG.977systems) with unequal channel spacing in the 1550nm wavelength region. A 

fiber is used for multi-channel systems with equal channel spacing within the 

operating wavelength range from 1565 nm to 1625 nm where the chromatic 

dispersion has non-zero values (e.g. ITU-T G.698.1and ITU-T G.698.2 systems). 

 

2.4.2.3   Cut-off Shifted Single Mode Optical Fiber 
 

The characteristics of a cut-off shifted single-mode optical fiber are specified in 

recommendation ITU-T G.654, which describes the geometrical, mechanical and 

transmission attributes of a single mode optical fiber which has its zero-dispersion 

wavelength around 1300 nm and which is loss- minimized and cut-off wavelength 
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shifted to the 1550 nm wavelength region. At first, this recommendation was created 

as “Characteristics of a 1550 nm wavelength loss-minimized single mode optical 

fiber cable” in 1988, for the purpose of submarine cable system use. In1997, the 

name of this recommendation was changed to “Characteristics of a cut-off shifted 

single-mode optical fiber and cable”, in order to make clearer the features of this 

fiber. 

The main features of the fiber described by recommendation ITU-TG.654 are its 

longer cut-off wavelength and lower attenuation coefficient at 1550nm compared to 

other single-mode optical fibers. The longer cut- off wavelength can allow lower 

macro bending loss fiber design; hence, it is advantageous to submarine cables, 

which require lower attenuation. The lowest values of attenuation coefficient depend 

on fabrication process, fiber composition and design, and cable design. Values of 

0.15 to 0.19 dB/km in the 1550 nm region have been achieved. These features are 

suitable for long-haul transmission in the 1530-1625 nm regions. 

 

2.4.2.4   Non-zero Dispersion Shifted Single Mode Optical Fiber 

The characteristics of a non-zero dispersion-shifted single-mode optical fiber and 

cable are described in recommendation ITU-T G.655 [34]. This recommendation 

specifies the geometrical, mechanical, and transmission attributes of a single-mode 

optical fiber which has the absolute value of the chromatic dispersion coefficient 

greater than some non-zero value throughout the wavelength range from 1530nm to 

1565 nm. This dispersion reduces the growth of non-linear effects which are 

particularly deleterious in dense wavelength division multiplexing systems. This 

recommendation was first created in 1996 and was initially developed following the 

creation of the dispersion-shifted fibers and the advent of dense wavelength division 

multiplexing (DWDM) in long distance, optically amplified and dispersion 

compensated networks. As indicated above, allowance for zero or low values of 

dispersion in the operating window of these systems allows the growth of non-linear 

effects, such as four-wave mixing. For this reason, the zero-dispersion wavelength 

had to be moved out of the operating window. 
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2.4.2.5   Non-zero Dispersion for Wideband Optical Transport 
 
The characteristics of a fiber and cable with non-zero dispersion for wideband 

optical transport are specified in recommendation ITU-TG.656. The specification is 

for a single-mode fiber and cable with chromatic dispersion that is greater than some 

non-zero value throughout the wavelength range of 1460-1625nm.One of the 

solutions is by deploying the optical channels not only in the C-band, but also in the 

short wavelength S-band (1460-1530nm) and in the long wavelength L-band (1565-

1625nm).This type of fiber can be utilized for both CWDM and DWDM systems 

throughout the wide wavelength region between 1460 and 1625 nm. 

Recommendation ITU-TG.656 describes the geometrical, mechanical, and 

transmission attributes of the fiber and cable. The chromatic dispersion of the fiber 

reduces the growth of non-linear effects which are particularly deleterious in 

DWDM systems over a wider wavelength range than the fiber described in 

recommendation ITU-T G.655. 

 

2.4.2.6   Bending Loss Insensitive Single Mode Optical Fiber for the      

Access Network 

The characteristics of a bending loss insensitive single mode optical fiber and cable 

for the access network are specified in recommendation ITU-T G.657. It is the aim 

of recommendation ITU-TG.657 to support this bending optimization by 

recommending different attribute values and by recommending other classes of 

single mode fiber types. Recommendation ITU-TG.657 describes two categories (A 

and B) of single-mode optical fiber cable that are suitable for use in the access 

networks, including inside buildings at the end of these networks. Category A fibers 

are suitable to be used in the O, E, S, C and L-band, i.e. throughout the 1260 to1625 

nm range. Category B fibers are suitable for transmission at 1310, 1550 and 1625nm 

for restricted distances that are associated with in-building transport of signals. 

These fibers may have different splicing and connection properties than ITU-TG.652 

fibers, but can be used at very low bend radii because of further improved bending 

loss. 
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2.5 Impairments of Optical Fiber Communication 

The Physical impairments of optical fiber transmission can be categorized into two 

main parts irrespective of modulation/detection schemes: linear and nonlinear. Linear 

barriers include fiber loss and dispersion, nonlinear part comprises nonlinear 

refractive index effects and inelastic scattering effects [35]. 

2.5.1    Losses in Fiber Optics 

2.5.1.1   Scattering 

Classically, the thermally generated density fluctuations of a material medium are  

responsible for scattering of light. It occurs due to microscopic variations in the 

material density, compositional fluctuations, structural in homogeneities and 

manufacturing defects. 

 i)   Linear Scattering 

In linear scattering a portion/total optical power within one propagating mode is 

transferred to another keeping frequency unaltered. Now when the transfer takes 

place to a leaky or radiation mode then the result is attenuation. 

a)  Rayleigh Scattering Losses 

These losses are due to microscopic variation in the material of the fiber. Unequal 

distribution of molecular densities or atomic densities leads to Rayleigh scattering 

losses Glass is made up of several acids like SiO2, P2O5 etc. Compositions, 

fluctuations can occur because of these several oxides which rise to Rayleigh 

scattering losses. 

b)  Mie Scattering Losses 

These losses results from the compositional fluctuations & structural inhomogenerics 

& defects created during fiber fabrications, causes the light to scatter outside the 

fiber. 

 

http://image.slidesharecdn.com/lossesinopticalfiber-130713131739-phpapp01/95/losses-in-optical-fiber-13-638.jpg?cb=1373721523


20 
 

 

c)    Waveguide Scattering Losses:  

It is a result of variation in the core diameter, imperfections of the core cladding 

interface, change in RI of either core or cladding. 

 ii)   Non-linear Scattering 

Especially at high optical power levels scattering causes disproportionate attenuation, 

due to non -linear behavior. Because of this non- linear scattering the optical power 

from one mode is transferred in either the forward or backward direction to the same, 

or other modes, at different frequencies. In this case, a new frequency is generated 

which is called stokes wave. There are two nonlinear scattering phenomenon in fibers 

and both are related to vibrational excitation modes of silica [36]. 

The two dominant types of non -linear scattering are: 

a)  Stimulated Brillouin Scattering (SBS) 

Stimulated Brillouin Scattering (SBS) may be regarded as the modulation of light 

through thermal molecular vibrations within the fiber. 

b)   Stimulated Raman Scattering (SRS) 

Stimulated Raman Scattering (SRS) is similar to SBS except that high frequency 

optical phonon rather than acoustic phonon is generated in scattering processes. 

2.5.1.2 Absorption 

Absorption is a major cause of signal loss in an optical fiber. Absorption occurs when 

there happens to be some defect in the material composition and the fabrication 

process of optical fiber, there is dissipation of optical power in the form of heat in the 

waveguide. Two types of absorptions are usually present: 

a) Intrinsic absorption 

An absolutely pure silica glass has little intrinsic absorption due to its basic material 

structure in the near infrared region. Intrinsic absorption caused by the interaction 

with one or more components of the glass occurs when photon interacts with an 

http://image.slidesharecdn.com/lossesinopticalfiber-130713131739-phpapp01/95/losses-in-optical-fiber-15-638.jpg?cb=1373721523
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electron in the valence band  and excites it to a higher energy level near the UV 

region. 

b) Extrinsic absorption. 

When the absorption is caused by interaction with one or more components of glass it 

is termed as intrinsic absorption whereas if it is due to impurities within the glass like 

transition metal ions like iron, chromium, cobalt, copper and from OH ions i.e. from 

water then it is called the extrinsic one.  

So, one important fiber parameter is a measure of power loss during transmission of 

optical signals inside the fiber. If P0 is the power launched at the input of a fiber of 

length L,the transmitted power PT is given by, 

exp (-αL)     (2.1) 

Where α is the attenuation constant, commonly referred to as the fiber loss .It is 

customary to express the fiber loss in units of db/km by using the relation, 

                         log₁₀               (2.2) 

 

Fig 2.5:   Spectral attenuation of a silica optical fiber 
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The fiber loss depends on the wavelength of light. The fiber exhibits a minimum loss 

of about 0.2 dB/km near 1.55 The loss is considerably higher at shorter 

wavelength .Fig. 2.5 illustrates the attenuation in silica optical fiber. 

 

2.5.1.3 Bending Loss 

Light energy gets radiated at the bends on their path through the fiber and eventually 

is lost. This is the mechanism known as fiber bend losses. There are two types 

bending: 

a) Macro bending 

Macro bend losses are observed when a fiber bend's radius of curvature is large 

compared to the fiber diameter. Fiber sensitivity to bending losses can be reduced if 

the refractive index of the core is increased, then fiber sensitivity decreases. Also if 

the fiber is sharply bent so that the light traveling down the fiber cannot make the 

turn and gets lost then its macro bending as shown in figure 2.6 (a). 

b) Micro bending 

When small bends in the fiber created by crushing, contraction etc causes the loss 

then it is called micro bending as shown in figure 2.6 (b). These bends are not usually 

visible with naked eye. 

 
2.6(a) 

 
2.6(b) 

Fig 2.6:   Macro and Micro bending losses 
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2.5.2 Dispersion in Optical Fibers 

It is defined as the spreading of the light pulses as they travel downs the fiber. 

Because of the spreading effect, pulse tend to overlap leads to significant inter-

symbol interference (ISI), making them unreadable by the receiver which is a critical 

problem to deal with. Fig. 2.7 shows broadening of light pulse as they travel down 

the fiber. 

 

 
 

Fig. 2.7:   Broadening of light pulse as they travel down the fiber a) Fiber input,       

                 b)  Fiber output at a distance L2, c) Fiber output at a distance L2>L1 

 

Dispersion creates distortion for both digital and analog transmission and limits the 

maximum possible bandwidth attainable within a particular fiber [37]. Pulse 

broadening is a very common problem created by dispersion in digital transmission. 

To avoid it, the digital bit rate must be less than the reciprocal of the broadened 

pulse duration. Fiber dispersion can be classified in two ways: 

a)   Intermodal/Modal dispersion 

b)   Intramodal/Chromatic dispersion 
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Chromatic dispersion again classified as: 

i) Material dispersion 

ii) Waveguide dispersion 

 

a) Intermodal/Modal Dispersion 

The propagation delay difference between different modes within multimode fibers 

is responsible for intermodal dispersion and hence pulse broadening. In fact, the 

different group velocities with which the modes travel through the fiber creates the 

main problem. Multimode step index fibers exhibit a large amount of intermodal 

dispersion whereas in a pure single mode fiber there is no intermodal dispersion. By 

adopting an optimum refractive index profile (parabolic profile in most graded 

index fibers), we can drastically reduce intermodal dispersion.  

 

b) Intramodal Dispersion/ Chromatic Dispersion 

This type of dispersion takes place due to the fact that optical sources do not emit a 

single frequency but a band of frequencies and there happens to be propagation 

delay differences between these spectral components. This kind of pulse broadening 

occurs in almost every type of optical fibers. 

 

i) Material Dispersion 

Material Dispersion also known as spectral dispersion or chromatic dispersion. 

Material refractive index varies with wavelength and therefore causes the group 

velocity to vary; it is classified as material dispersion. Material dispersion occurs 

due to refractive index of core as a function of wavelength, because of which pulse 

spreading occurs even when different wavelengths follow the same path. Also the 

dispersive characteristics of the waveguide material are responsible for the delay 

differences then it’s known as material dispersion. 

        ii)   Waveguide Dispersion 

Waveguide dispersion is the result of wavelength-dependence of the propagation 

constant of the optical waveguide. It is important in single-mode waveguides. Fig 2.8 

shows chromatic dispersion in a standard single mode fiber. 
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Fig. 2.8:    Chromatic dispersion in a standard single mode fiber 

 

The larger the wavelength, the more the fundamental mode will spread from the 

core into the cladding. This causes the fundamental mode to propagate 

faster. Whenever any optical signal is passed through the optical fiber, practically 

80% of optical power is confined to core & rest 20% optical power into cladding. 

On the other hand if imperfect guidance effect is behind the pulse broadening then 

it’s termed as waveguide dispersion. 

 

2.6   Group Velocity Dispersion (GVD) 

Group  velocity  dispersion  is  the  result of  the  group  velocity  of  different 

spectral components of the traveling pulse through optical fiber due to the chromatic 

dispersion. When an electromagnetic wave interacts with bound electrons of a 

dielectric, the medium response in general depends on the optical frequency (ω). This 

property manifests through the frequency dependence of the refractive index n(ω). 
On a fundamental level, the origin of chromatic dispersion is related to the 

characteristic resonance frequencies at which the medium absorbs the 
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electromagnetic radiation through oscillation of bound electrons. Far from the 

medium resonances, the refractive index is well approximated by the Sellmeier 

equation: 

 

              (2.3) 

 
Where,  is the resonance frequency and  is the strength of jth resonance. 

GVD plays a critical role in propagation of short optical pulses since different 

spectral components associated with the pulse travel at different speeds given 

by . Mathematically, the effect of fiber dispersion is accounted for by Taylor 

series in expanding the mode propagation constant β about the center frequency  

 

β( ) =  = + …   (2.4) 

        Where, (m=0, 1, 2……)                            (2.5)               

The pulse envelope moves at the group velocity ( ) while the parameter  

is responsible for pulse broadening. The parameters are related to the 

refractive index n and its derivatives through the relations, 

                                   (2.6) 

                         (2.7) 

 

Where is the group index, c is the speed of light in vacuum and λ is the 

wavelength.  is the first order dispersion and is the first order GVD and  is 

the second order GVD. If the bandwidth is much smaller than the carrier 

frequency , we can truncate the Taylor series after the second term on the right 

hand side .As the spectral width of the signal transmitted over the fiber increases, it 

may be necessary to include the higher order dispersion coefficients such as 
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The wavelength where  is called zero dispersion wavelength .Dispersion 

parameter, D, is another parameter related to the difference in arrival time of the 

pulse spectrum.The relationship between D,  can be found as following, 

                         D  = =                               (2.8) 

 

The nonlinear effects in optical fibers can manifest a qualitatively different behavior 

depending on the sign of the dispersion parameter or D is generally referred to as 

the GVD parameter. The impact of group velocity dispersion can be conventionally 

described using the dispersion length which is defined as,       

                                                          (2.9)                                                                        

Where,  is the temporal pulse width. This length provides a scale over which the 

dispersive effect becomes significant for pulse evolution along a fiber. Dispersion 

and specially GVD play an important role in signal transmission over fibers. The 

interaction between dispersion and nonlinearity is an important issue in lightwave 

system design. At the GVD vanishes ( ), however the total dispersion is not 

equal to zero. For example, if the pulse wavelength nearly coincides with the zero 

dispersion wavelength , 0; the  term then provides the dominant 

contribution to GVD effects [38].For ultra-short pulses (width ),it is 

necessary to include the  term even when . 

 

2.6.1 Anomalous Dispersion Regime 

If λ <0 (or D>0), it is said that optical signal exhibit anomalous dispersion. 

In the anomalous dispersion regime high frequency components of optical signal 

travel faster than low frequency components. More specifically dispersion induced 

pulse broadening occurs at different frequency components of a pulse travel at 

slightly different speeds along the fiber because of GVD. 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. 
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2.6.2   Normal Dispersion Regime 

The opposite occurs in this regime. In normal dispersion regime λ , >0 (or 

D<0). Here, high frequency components of optical signal travel faster than low 

frequency components. The normal dispersion is of considerable interest for the 

study of nonlinear effects, because it is in this regime that optical fibers support 

solitons through a balance between the dispersive and nonlinear effects. Normal and 

anomalous dispersion regime is shown in Fig.2.9.  

 
 

Fig. 2.9:  Normal and anomalous dispersion regime in optical fiber 

 

2.7   Fiber Nonlinearity 

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

chromatic dispersion (CD) or group velocity dispersion (GVD),third order dispersion 

(TOD) etc. Light travelling in an optical fiber losses power over distance. When the 

optical communication systems operated at high bit rates such as 10 Gbps and above, 

or at higher transmitter powers, it is important to consider the effects of 

nonlinearities. In the case of WDM systems, nonlinear effects can become important 

even at moderate powers and bit rates. The nonlinear effects that we consider in this 
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section arise owing to the dependence of the refractive index on the intensity of the 

applied electric field, which in turn proportional to the square of the field amplitude. 

At sufficiently high optical intensities, nonlinear refraction occurs in the core (Kerr 

effect), which is the variation of the index of refraction with light intensity. This 

makes nonlinear effects a critical concern in optical networks since long haul 

transmission commonly relies on high power lasers to transmit optical pulses over 

long spans to overcome attenuation. Nonlinear effects are comprised of first order 

and higher order effects. Fig. 2.10 shows the classification of nonlinear effects that 

affect the shape of an optical pulse. 

                                                        Nonlinear Effects 

 

  First Order         Higher Order 

 

Kerr Effects      Scattering Effects             SS      IRS  

 

SPM    XPM           FWM   SRS                        SBS 

Fig. 2.10:  Classification of nonlinear effects in optical fiber 

1) First Order  

           A) Kerr Effects  

 Self -Phase Modulation (SPM) 

 Cross Phase Modulation (XPM)             

 Four Wave Mixing (FWM) 

B)    Scattering Effects 

 Stimulated Raman Scattering (SRS) 

 Stimulated Brillouin Scattering (SBS) 

2) Higher Order 

 Self-steepening (SS) 
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 Intrapulse Raman scattering (IRS) 

2.7.1   Self Phase Modulation (SPM) 

Phase modulation of an optical signal by itself is known as SPM. Again, because a 

fiber’s refractive index depends on the optical intensity of the signal, the temporal 

variation of the optical intensity of the signal induces a modulation of its own phase. 

This effect is called self-phase modulation (SPM).The fiber refractive index may be 

written as: 

                 (2.10) 

                            Hence,       (2.11) 

Where,             : Fiber nonlinear refractive index (m2/W) 

:    Fiber effective area 
 

 P:        Launched power. 
 

In single wavelength systems, self- phase modulation will gradually broaden the 

signal spectrum when changes in optical intensity result in changes in phase 

(Fig.2.11). 
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Fig. 2.11: Spectral broadening mechanism due to self-phase modulation 

 

Once spectral broadening is introduced by SPM, the signal experiences a greater 

temporal broadening as it propagates along the length of the fiber, due to the effects 

of chromatic dispersion, in the normal dispersion region of the fiber (i.e. below the 

zero- dispersion wavelength). Generally, the effects of SPM are significant only in 

systems with high cumulative dispersion or in very long systems. Systems operating 

in the normal dispersion regime which are dispersion-limited may not tolerate the 

additional effects due to SPM. In multiple-channel systems with very closely spaced 

channels, the spectral broadening induced by SPM may also create interference 

between adjacent channels. The effect of SPM may also induce degradation when 

combined with narrowband optical filtering.  

Since, SPM is essentially a single channel effect; it is not influenced by the greater 

channel counts. The distortion penalty of SPM is increased by larger launched 

channel powers. It is also increased by a higher channel bit rate, since signals with 

higher bit rates have higher rising/falling bit slopes. For all fiber designs, SPM 

effects may be reduced by decreasing the launched channel powers, though systems 

design trends call for larger powers to allow longer span distances. 

 

2.7.2  Cross Phase Modulation (XPM) 

In multichannel systems, XPM will gradually broaden the signal spectrum when 

changes in optical intensity result in changes in phase due to interactions between 

adjacent channels. The amount of spectral broadening introduced by XPM is related 

to the channel separation and fiber chromatic dispersion, since the dispersion-

induced differential group velocities will cause the interacting pulses to separate as 

they propagate down the fiber. Once spectral broadening is introduced by XPM, the 

signal experiences a greater temporal broadening as it propagates along the length of 

the fiber due to the effects of chromatic dispersion. The systems penalty from XPM 

is increased by smaller channel spacing and larger channel counts (though this 

saturates depending on distance). As noted for SPM, the change in signal phase is 

related to the change in fiber refractive index, which in turn is related to the channel 
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power. Larger average launched powers lead to larger phase shifts, which when 

combined with dispersion effects lead to a larger system penalty. The XPM penalty 

actually decreases for higher channel bit rates, since lower bit rate signals 

experience longer bit interactions or “walk-through”. However, since higher bit rate 

receivers require higher OSNR for a given BER, these systems have to operate at 

higher power levels, which negate this effect. The broadening due to XPM may 

result in interference between adjacent channels in multiple-channel systems. XPM 

can be controlled through appropriate selection of channel spacing. Studies have 

shown that only adjacent channels contribute significantly to XPM-induced signal 

distortion in multiple-channel systems. Channel separations of 100 GHz were shown 

to be sufficient to reduce XPM effects in a simulation of a system with 5mW of 

power/channel. 

Dispersion penalties due to XPM may also be controlled by the implementation of 

dispersion compensation at appropriate intervals along the length of the system. 

Fibers with attributes of increased fiber effective area, or decreased nonlinear 

refractive index, also reduce the XPM penalty. For all fiber designs, XPM effects 

may be reduced by decreasing the launched channel powers, though systems design 

trends call for larger powers to allow longer span distances. When two optical pulses 

of different channel travel at different group velocities due to dispersion then the 

faster moving pulse has completely walked through the slower travelling pulse. In 

this case, the XPM effects become negligible. The relative transmission distance for 

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

distance, . 

=           (2.12)                                              

Where,  is the pulse width, is the group velocity, and are the center 

wavelength of the two channels.D is the dispersion coefficient and  

2.7.3   Four Wave Mixing (FWM) 

When a high-power optical signal is launched into a fiber, the linearity of the optical 

response is lost. One such non- linear effect, which is due to the third-order electric 
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susceptibility, is called the optical Kerr effect. FWM is a type of optical Kerr 

effect, and occurs when light of two or more different wavelengths is launched 

into a fiber. Generally speaking FWM occurs when light of three different 

wavelengths is launched into a fiber, giving rise to a new wave (known as an idler), 

the wavelength of which does not coincide with any of the others. FWM is a kind of 

optical parametric oscillation. In the transmission of dense wavelength-division 

multiplexed (DWDM) signals, FWM is to be avoided, but for certain applications, it 

provides an effective technological basis for fiber-optic devices. FWM also provides 

the basic technology for measuring the nonlinearity and chromatic dispersion of 

optical fibers. When signals at frequencies ,  and  propagate along an optical 

fiber, the nonlinear interactions among those signals by mean of FWM result in the 

generation of new signals at   +  

The energies from the interacting signals are transferred to those newly generated 

signals at frequencies In the simplest case when only two signals at frequencies 

and are involved, the FWM generates new signals at 2 and 

2 as demonstrated in Fig.2.12.The number of FWM generated signals grows 

rapidly with the number of involved signals.  

 
Fig 2.12:  Additional frequency generate through FWM 

 

When N signals are involved in the FWM process, the number of FWM generated 

signals is given by,                         M =  

 

2.7.4   Stimulated Brillouin Scattering (SBS) 
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Brillouin scattering is an effect caused by the χ(3) nonlinearity of a medium, 

specifically by that part of the nonlinearity which is related to acoustic phonons .An 

incident photon can be converted into a scattered photon of slightly lower energy, 

usually propagating in the backward direction, and a phonon. The coupling of optical 

fields and acoustic waves occurs via electrostriction. The effect can occur 

spontaneously even at low optical powers, then reflecting the thermally generated 

phonon field. For higher optical powers, there can be a stimulated effect, where the 

optical fields substantially contribute to the phonon population. Above a certain 

threshold power of a light beam in a medium, stimulated Brillouin scattering can 

reflect most of the power of an incident beam. This process involves a strong 

nonlinear optical gain for the back-reflected wave: an originally weak counter 

propagating wave at the suitable optical frequency can be strongly amplified. Here, 

the two counter-propagating waves generate a traveling refractive index grating; the 

higher the reflected power, the stronger the index grating and the higher the effective 

reflectivity. In optical fibers, Brillouin scattering occurs essentially only in backward 

direction. However, rather weak forward Brillouin scattering is also possible due to 

effects of the acoustic waveguide. This effect is shown in Fig. 2.13. 

 

Fig 2.13: Stimulated Brillouin scattering 

 

https://www.rp-photonics.com/nonlinearities.html
https://www.rp-photonics.com/photons.html
https://www.rp-photonics.com/optical_power.html
https://www.rp-photonics.com/gain.html
https://www.rp-photonics.com/refractive_index.html
https://www.rp-photonics.com/fibers.html
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2.7.5   Stimulated Raman Scattering (SRS) 
Stimulated Raman scattering (SRS) causes a signal wavelength to behave as a 

Raman pump for longer wavelengths. In this case, the shorter wavelength signal is 

attenuated by this process, which amplifies the longer wavelength signal. SRS can 

occur in both single and multiple-channel systems. Signal powers in the order of 

1W or more are needed to experience impairment from this phenomenon with only 

a single channel without line amplifiers. However, shorter wavelength signals in 

multiple-channel systems with channels spanning a wide wavelength range can 

suffer greater signal-to-noise performance when a portion of their power is 

transferred to longer wavelength channels through SRS. This results in total system 

capacity limitations based on the total number of channels, channel spacing, 

average input power and overall system length. In particular, the threshold for the 

observation of a 1dB penalty in a multi-channel system due to Raman gain in 

dispersion-unshifted fiber can be estimated to be: 

 

                            (2.13) 

   Where,       :   Combined power of all of the channels 

:     Optical spectrum over which the channels are distributed 

:    Effective length (in units of 106meters (Mn)) 
 

In single-channel systems, filters can be used to remove the unwanted spectrum. 

However, no practical techniques to eliminate the effects of SRS in multiple-channel 

systems have been reported. The effects of SRS may also be mitigated by reducing 

the input optical power. 

 

2.8  Frequency Chirping 

The chirp of an optical pulse is usually understood as the time dependence of its 

instantaneous frequency. Specifically, an up-chirp (down-chirp) means that the 

instantaneous frequency rises (decreases) with time. A pulse can acquire a chirp e.g. 

during propagation in a transparent medium due to the effects of chromatic 

dispersion and nonlinearities (e.g. self-phase modulation arising from the Kerr 

https://www.rp-photonics.com/pulses.html
https://www.rp-photonics.com/instantaneous_frequency.html
https://www.rp-photonics.com/chromatic_dispersion.html
https://www.rp-photonics.com/chromatic_dispersion.html
https://www.rp-photonics.com/nonlinearities.html
https://www.rp-photonics.com/self_phase_modulation.html
https://www.rp-photonics.com/kerr_effect.html
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effect). In semiconductor lasers or amplifiers, chirps can also result from refractive 

index changes associated with changes in the carrier density. The chirp of a pulse can 

be removed or reversed by propagating it through optical components with 

suitable chromatic dispersion.  

 
Fig 2.14:    Frequency chirping effect 

 

For a given pulse spectrum, the minimum pulse duration is obtained when there is no 

chirp (“unchipped pulses”). This condition is equivalent to a constant instantaneous 

frequency, and (nearly) equivalent to a constant spectral phase. Fig.2.14 shows the 

frequency chirping effect. 

The electric field of a light wave whose carrier angular frequency is ω0 can be 

expressed as 

    E (t) = ℜ        (2.14) 

Where, ℜ denotes the real part, and where A (t) is known as the complex envelope of 

the signal. As the name suggests, the envelope is a complex number that can be 

further written in terms of its modulus |A| and phase φ according to  

    A (t) = |A (t)| =             (2.15) 

Where, P(t) = |A(t)|2 is the power of the signal. The operation of intensity modulation 

therefore consists in varying P (t) according to the modulating electrical signal. 

However, the desired intensity modulation of the light wave is often accompanied by 

a modulation of its phase φ induced by the physical process used to realize the 

https://www.rp-photonics.com/semiconductor_lasers.html
https://www.rp-photonics.com/refractive_index.html
https://www.rp-photonics.com/refractive_index.html
https://www.rp-photonics.com/chromatic_dispersion.html
https://www.rp-photonics.com/spotlight_2007_10_11.html
https://www.rp-photonics.com/pulse_duration.html
https://www.rp-photonics.com/spectral_phase.html
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intensity modulation. Consequently, not only the power P(t) becomes a function of 

time, but also the phase φ (t), which is very often an undesired feature. Observing eq. 

(2.14) and (2.15), we can define an instantaneous frequency of the optical signal 

according to 

     ω(t) = +      (2.16) 

Consequently, a time varying phase is equivalent to a change in the signal 

instantaneous frequency. This frequency modulation is usually referred to as 

frequency chirping. The amount of frequency chirp depends on the physical 

mechanism used to achieve light modulation, as well as on the design and operating 

conditions of the modulator. 

2.8.1 Quantifying Pulse Chirp 

There are different ways of quantifying the chirp of a pulse: 

i) The magnitude of a chirp can be considered to be the rate of change in the 

instantaneous frequency, e.g., in units of hertz per second. In the case of 

nonlinear chirps, this quantity is time-dependent, i.e., not a constant 

number for one pulse. 

ii) It is also possible to specify the amount of group delay dispersion required to 

compress a pulse dispersively. More precisely, this may be the second 

order dispersion which leads to the smallest pulse duration, or to the 

highest peak power. 

Such definitions are not related to each other in a simple way. For example, an 

increasing amount of normal chromatic dispersion applied to an initially un-chipped 

(transform-limited) pulse will obviously increase the amount of dispersion required 

for compression. On the other hand, the chirp in terms of the rate of change of the 

instantaneous frequency will initially increase, but later decrease. The latter results 

from the fact that the same change in instantaneous frequency will occur within a 

larger and larger time interval, as the pulse duration increases. 

As a second example, an initially un-chirped pulse subject to self-phase 

modulation via a Kerr nonlinearity will exhibit an increasing optical bandwidth. For 

https://www.rp-photonics.com/chromatic_dispersion.html
https://www.rp-photonics.com/transform_limit.html
https://www.rp-photonics.com/self_phase_modulation.html
https://www.rp-photonics.com/self_phase_modulation.html
https://www.rp-photonics.com/kerr_effect.html
https://www.rp-photonics.com/bandwidth.html
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increasingly strong spectral broadening, the rate of change of the instantaneous 

frequency increases, whereas the amount of dispersion as required for maximum 

compression can decrease. 

 

2.8.2  Effects of Pulse Chirps in Optical Communication 

In systems for fiber-optic communications, one often uses directly modulated laser 

diodes in the data transmitters. A side effect of the power modulation is that the 

carrier density in the active region of a laser diode changes, and this leads to 

temporally varying phase changes, i.e., to a chirp in the laser output. Chirp can have 

substantial effects when the data signal is transmitted through a long optical fiber. 

Essentially, this is because the chromatic dispersion of the fiber means a frequency-

dependent time delay, and this in conjunction with the chirp leads to signal 

degradation. Therefore, larger transmission distances require a low chirp, which can 

be achieved by using transmitters with continuously operating laser diodes and 

separate optical intensity modulators. 

 

2.9 Conclusion 

This chapter briefly gives an overview of optical fiber communication and includes 

different fiber types, principles of signal propagation, different fiber impairments, 

fiber classification based on ITU standard and chirping effect in optical fiber. 

Dispersion and nonlinearities are the main impairments of optical fiber 

communication. Combined effects of chirping, GVD and SPM has significant effect 

on optical communication when the bit rate and power increases. 

The following chapter introduces the theory of fiber optic pulse propagation for 

chirping, GVD and SPM analytically and numerically. 

 

 

 

https://www.rp-photonics.com/optical_fiber_communications.html
https://www.rp-photonics.com/laser_diodes.html
https://www.rp-photonics.com/laser_diodes.html
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https://www.rp-photonics.com/chromatic_dispersion.html
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CHAPTER 3 

THEORITICAL ANALYSIS 

 

This chapter introduces the mathematical formalism of optical pulse propagated through 

a nonlinear dispersive medium. The pulse broadening factor is used as performance 

metric. We have derived the pulse broadening factor considering chirping and first order 

GVD. Then Split Step Fourier Method (SSFM) is analyzed for solving NLSE 

numerically due to the effects of SPM with GVD. 

 

3.1 Nonlinear Schrodinger Equation (NLSE) for Nonlinear 

Dispersive Medium 

 

In the slowly varying envelope theory, the optical pulse propagation along the fiber-optic 

transmission system is governed by the NLSE. The NLSE which takes into account both 

dispersion and nonlinearity can be written as [1]. 

               + β2  − + A = i 2A            (3.1) 

Where A(z,t) is the time retarted slowly varying complex amplitude of the field, 

= α is the attenuation constant, γ =  is a nonlinear parameter,  represents 

the carrier frequency, c is the velocity of light, is the nonlinear refractive index 

and states the effective cross sectional area of the fiber. 2 and illustrate the first 

and second order GVD effects respectively. T is measured in the frame of reference 

moving with the pulse at the group velocity  and z is the propagation 

distance. The effect of GVD is included through dispersion parameter that’s involved 

with β2 as β2 =  (-D λ2)/ (2πc) in equation (3.1); where λ is the operating wavelength, D 

is the dispersion parameter. If chirped Gaussian input pulse is transmitted into the fiber 
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then for the different chirp parameters, they show interesting behavior. A chirped 

Gaussian pulse can be mathematically represented by [1]. 

                                            (3.2) 

Where, T0 is the half width at 1/e intensity point, C illustrates the chirp parameter which 

may be negative or positive. If we put C = 0, this equation will convert to a un- chirped 

Gaussian pulse. The numerical value of C can be accounted from the spectral width of 

the Gaussian pulse. 

3.2 Pulse Broadening Factor due to the Effects of Chirping with First   

Order GVD 

 

Basic nonlinear Schrödinger equation which takes into accounts both dispersion and 

nonlinearity is: 

                    =  +                                    (3.3) 

 

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, β2 and β3 is the first 

order  and second order GVD,α is the power absorption coefficient and   is the 

nonlinear coefficient. 

                                                             (3.4) 

                                               t =                                                   (3.5) 

 

If the optical wavelength is not too close to zero dispersion wavelength, the first order 

GVD dominates and equation (3.3) can be written as, 

                           =                       (3.6) 
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In order to assess the effects of dispersion in the propagation of the pulse we can neglect 

the effect of attenuation coefficient and nonlinear coefficient. Then equation (3.6) can be 

written as, 

                          =                         (3.7) 

Equation (3.7) can be solved by using the Fourier transform method if  is the 

Fourier transform of A (z,t) such that, 

             =                                       (3.8)  

Then it satisfies an ordinary differential equation, 

                   =                                          (3.9) 

Whose solution is given by, 

           = 0,                                     (3.10) 

Equation (3.10) shows that GVD changes the phase of each spectral component of the 

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

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

shape. 

By putting equation (3.10) in equation (3.8) the general solution of equation (3.7) is 

given by, 

       = (0, ) exp ( ) d                                         (3.11)          

 

Where, (0, ) is the Fourier transform of the incident field at z = 0 and is found by, 

       (0, ) =                 (3.12)        

 

Equation (3.11) can be used to obtain an analytic expression for the output pulse; the 

RMS pulse width at a distance z is defined as, 

                                                                                             (3.13)        

                             

                                 Where, =                                   (3.14) 
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Here,  is the  moment. To evaluate the effects of  on pulse propagation consider a 

chirped Gaussian input pulse whose profile is defined as, 

                                (3.15) 

 

Where, A0 is the peak amplitude. The parameter 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, 

                                                                                             (3.16) 

 

Substituting equation (3.15) in equation (3.12) we obtain, 

                   (0, )=  

                       (0, ) =  T0 exp                         (3.17) 

 

Now, putting value of (3.17) in (3.11) gives the solution for a chirped Gaussian pulse 

which is given by, 

=  

                           (3.18) 

Where,                 (3.19) 

 

Equation (3.18) can be written as, 

                                             (3.20)          

Where,  the output pulse shape at distance z and is defined as, 

 

 

                                               =                       (3.21)     
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Now, substituting value of (3.20) in (3.14) we get, 

=  

                                     =                                         (3.22) 

 
                                                                            (3.23) 

 

is the complex conjugate of  

                                   (3.24) 

            =                                                            (3.25)     

        

Substituting value of equation (3.24) in equation (3.25) we get, 

          =  

                   =                            (3.26)

   

 

Again, =  
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As   is an odd function of t, so it 

is zero. 

 

= 0                                (3.27) 

 
Substituting values of (3.26) and (3.27) in (3.13) and squaring in both sides we get, 

                      =                                    (3.28) 

The input RMS width is defined as, 

                           (3.29)                                                          

                                               =  

 

Pulse broadening ratio which is the final to the RMS pulse width ratio is defined as, 

              = =  

                =              (3.30) 

 

Where, dispersion length L =  

Equation (3.30) describes the pulse broadening factor considering the first order GVD with 

the chirped Gaussian pulse in linear dispersive fiber. 
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3.3  Split Step Fourier Method (SSFM) for Solving NLSE Numerically 

due to the Effects of SPM with GVD 

The SSMF is a pseudo-spectral numerical method used to solve the NLSE numerically 

due to the effects of SPM with first order GVD .The key idea behind SSFM is to apply 

the effects of dispersion and fiber nonlinearities separately in small partitions of 

propagation distance such that it approximates the actual pulse propagation under the 

simultaneous influence of the two effects [4], 

The NLSE is described as, 

           + β2   -   + A = i 2A                     (3.31) 

Eq. (3.31) can be represented in the following form 

                                = ( ) A         (3.32) 

                           Where,                                                         (3.33) 

                                                                                                              (3.34) 

 

Where, the operator   used for loss and GVD, whereas operator  include the nonlinear 

effect. As a method, divided the optical fiber into small pieces, each of length  meters.  

The  optical  pulse  is  propagated  through  each segment from z  to  z  +  ,  where  z  

is a  running variable for distance along the fiber. In first step, the fiber loss and GVD 

effects is included using  operator over distance ∆z. In the next step, the output 

obtained in the first step is propagated using  operator by the same segment of fiber of 

length  meters. The process of these two steps is represented mathematically as [4], 
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                                     A (t, z + ) = A (z,t)                     (3.35) 

Where, the factor in the Fourier domain using the mathematical formulas as, 

                      B (t, z) =  B (t, z)                                 (3.36)         

            

The accuracy of the SSMF can be improved by adopting a different procedure to 

propagate the optical pulse over one segment from z to z+ .In this procedure equation 

(3.35) is replaced by, 

A (t, z + ) A(t,z)                               (3.37) 

The accuracy of the SSFM can be further improved by approximating the integral of 

equation (3.37) by, 

                                                               (3.38) 

 

In iterative and symmetric SSMF the fiber length is divided into large number of 

segments that need to be spaced equally. The optical pulse is propagated from segment 

to segment using the prescription of equation (3.38). 

 

Thus, the optical field A(z,t) is first propagated for a distance ∆z /2 considering only the 

effects of dispersion using the FFT algorithm and equation 3.36. Then the output field at 

the mid plane (z + /2) is multiplied by a non-linear term to include the effect of 

nonlinearity over the whole segment of length  . Finally, the field is propagated 

through the remaining distance /2 with dispersion only to obtain the resultant field  
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A ( t, z +  ). Following this procedure, the optical pulse is propagated from one end to 

the other end. The output obtained at the receiving end can be used to investigate various 

interesting phenomena in optical fiber transmission. 

 

 

      ∆z = 0                                 ∆z 

                              Fig. 3.1:    Illustration of symmetric split step Fourier method 
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3.4   Flow Diagram of Split-Step Fourier Method 
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Fig. 3.2:    Flow chart to determine pulse broadening factor using split step Fourier method 
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Add linear phase shift to each frequency component in 

/2(dispersive step):  

Z<Fiber Length 

Determining Pulse Broadening Factor 
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3.5 Conclusion 

In this chapter we have derived the expressions of pulse broadening factor due to the 

effects of chirping and first order GVD analytically from NLSE for fiber optic 

communication systems. To determine the combined effect of chirping, GVD and SPM 

split step Fourier method is used for Solving NLSE numerically to achieve the full 

numerical simulation. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 
Following the theoretical and numerical 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 chirped Gaussian input 

pulse that encounters the effect of GVD, chirping and self -phase modulation on pulse 

broadening in 3D environment. The results are evaluated at different bit rates and fiber 

parameters for different fibers such as standard single mode fiber (SSMF), large 

effective area fiber (LEAF), non-zero dispersion shifted fiber (NZDSF), multi-clad 

dispersion flattened fiber (MCDFF) and multi-clad dispersion shifted fiber 

(MCDSF).Various system parameters of the fibers are shown in Table 4.1. 

 

Table 4.1:   Parameter values used for theoretical calculations 

 

Parameter(Unit) Fiber Types 

 

SSMF LEAF NZDSF MCDFF MCDSF 

Nonlinear 
Refractive Index, 
n2(m2/W) 

2.35×10-20 2.35×10-20 2.35×10-20 2.35×10-20 2.35×10-20 

Wavelength, (nm) 1550 1550 1550 1550 1550 
Input Power , 
P(mW) 

5 5 5 5 5 

Bit Rate , B(Gb/s) 10 10 10 10 10 
Dispersion 
parameter,  
 D(ps/nm-km) 

17 3.5 5 1 0.04 

First order GVD,   
β2(ps2/km) 

-21.7 -4.46 -6.38 -1.28 -0.051 

Effective area, Aeff 

( ) 
80 72 50 70 50 

Chirp Parameter Varied Varied Varied Varied Varied 
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4.1  Effect of chirping with GVD in SSMF fiber 

Using the derived analytical expressions, pulse broadening factor caused by the effects 

of chirping and GVD is visualized using MATLAB .We have observed the variation of 

pulse broadening factor for various data rates and chirping parameter C. 
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       Fig. 4.1: Pulse broadening effect in SSMF fiber for positive chirping at the data rates  

                 20 Gbps and 50 Gbps at input power 40 mW 
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    Fig. 4.2: Pulse broadening effect in SSMF fiber for positive chirping at the data rates  

    20 Gbps and 50 Gbps at input power 80 mW 

 

Fig. 4.1  and Fig. 4.2 show the pulse broadening factor (PBF) caused by GVD 

considering chirped Gaussian pulse in a standard single mode fiber (SSMF) optical 

transmission system, operating in 1550 nm wavelength at the data rates of 20 Gbps and 

50 Gbps considering input power of 40 mW and 80 mW. In Fig. 4.1 at 20 Gbps the PBF 

is almost constant up to distance 1.4 km for positive chirping, while at 50 Gbps it is 1.24 

km. Whereas for un-chirped pulse i.e. C = 0 at 20 Gbps the PBF remains constant up to 

4.65 km and 1.07 km for 50 Gbps bit rate. At bit rate 20 Gbps and 50 Gbps the 

corresponding half width of the pulse is 21.3 ps and 8.5 ps respectively. At this pulse 

widths the dispersion length, at which the pulse width becomes  times of the initial 
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width defined by LD = is 20.9 km and 3.33 km respectively. At 20 Gbps, the PBF 

becomes double at 36.54 km while it is 4.86 km at 50 Gbps for positive chirping. For un-

chirped pulse it becomes double at 36.13 km and 6.12 km for 20 and 50 Gbps 

respectively. When the input power increases to 80 mW the pulse broadening effects are 

same as input power 40 mW. 
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     Fig. 4.3:   Pulse broadening effect in SSMF fiber for negative chirping at the data               

     rates 20 Gbps and 50 Gbps at input power 40 mW 

 

Fig. 4.3 shows the pulse broadening due to negative chirping considering GVD for 

SSMF. It has been noticed from Fig. 4.2 that at 20 Gbps bit rate the initial pulse 

broadening factor is 1.05 and at 50 Gbps it is 1.334.It is also seen that for negative 
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chirping there is no pulse compression and with the fiber length the pulse broadening 

factor increases rapidly. The PBF becomes double at 18.74 km when the system operates 

at 20 Gbps but it becomes only 4.4 km when the system operates at 50 Gbps for negative 

chirping. Whereas for un-chirped pulse that is for C = 0 at 20 Gbps bit rate the PBF is 

almost constant up to distance 4.72 km  while at 50 Gbps it is 1.5 km. After this distance 

the pulse broadening ratio increases rapidly.  
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     Fig. 4.4:   Pulse broadening effect in SSMF fiber for increasing positive and negative  

     chirping value  at the data rates  20 Gbps and 50 Gbps at input power 40 mW 

 

Fig. 4.4 shows the pulse broadening for increasing positive and negative chirping value 

the data rates 20 Gbps and 50 Gbps at input power 40 mW for SSMF. It is seen that for 

negative chirping there is no pulse compression and with the fiber length the PBF 
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increases rapidly. It is also noticed that with the increasing positive and negative 

chirping value the pulse broadening also increases. Whereas for un-chirped pulse that is 

for C = 0 at 20 Gbps bit rate the PBF is almost constant up to distance 4.72 km  while at 

50 Gbps it is 1.5 km. After this distance the pulse broadening ratio increases rapidly.  

 

4.2   Effect of chirping with GVD in LEAF fiber 

In this section we have observed the variation of pulse broadening factor for various data 

rates and chirping parameter C for LEAF fiber.. 
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    Fig. 4.5:  Pulse broadening effect in LEAF fiber for positive chirping at the data rates  

    20 Gbps and 50 Gbps at input power 40 mW 
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    Fig. 4.6:  Pulse broadening effect in LEAF fiber for positive chirping at the data  

    rates 20 Gbps and 50 Gbps at input power 80 mW 

 

Fig. 4.5 and Fig. 4.6 show the PBF with the distance for LEAF fiber at input power of 40 

mW and 80 mW. From Fig. 4.5 it is observed that at bit rate 20Gbps the pulse 

broadening rate is almost constant up to distance 3.72 km for positive chirping, while at 

50 Gbps it is 1.14km. At bit rate 20 Gbps and 50 Gbps the corresponding half width of 

the pulse is 21.3 ps and 8.5 ps respectively. The corresponding dispersion length is 

101.72 km and 16.2 km respectively. The PBF becomes double at 183.5 km when the 

system operates at 20 Gbps but it becomes 28.13 km when the system operates at 50 

Gbps for negative chirping. For un-chirped pulse, the PBF is almost constant up to 
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distance 21.63 km and 3.72 km for bit rate 20 Gbps and 50 Gbps respectively. At 20 

Gbps the broadening factor becomes double at 175.8 km and 28.12 km for 50 Gbps. 

When the input power increases to 80 mW the pulse broadening effects are same as 

input power 40 mW. 
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Fig. 4.7:  Pulse broadening effect in LEAF fiber for negative chirping at the data               

 rates 20 Gbps and 50 Gbps at input power 40 mW 

 

Pulse broadening effect in LEAF fiber at input power 40 mW is shown in Fig.4.7. It is 

found from Fig. 4.7 for negative chirping at 20 Gbps bit rate the initial pulse broadening 

factor is 1.01 and at 50 Gbps it is 1.063. It is observed that at bit rate 20 Gbps the pulse 

broadening rate is almost constant up to distance 2.34 km for negative chirping, while at 
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50 Gbps it is 1.2 km. The PBF becomes double at 85.02 km when the system operates at 

20 Gbps but it becomes 14.91 km when the system operates at 50 Gbps for negative 

chirping. Whereas for un-chirped pulse that is for C = 0 at 20 Gbps bit rate the PBF is 

almost constant up to distance 22 km  while at 50 Gbps it is 3.6 km. After this distance 

the pulse broadening ratio increases rapidly. Also, it is also seen that for negative 

chirping there is no pulse compression and with the fiber length the PBF increases 

rapidly. 
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     Fig. 4.8:   Pulse broadening effect in LEAF fiber for increasing positive and negative  

     chirping value  at the data rates  20 Gbps and 50 Gbps at input power 40 mW 

 



59 
 

Fig. 4.8 shows the pulse broadening for increasing positive and negative chirping value 

the data rates 20 Gbps and 50 Gbps at input power 40 mW for LEAF. It is also seen that 

for negative chirping there is no pulse compression and with the fiber length the PBF 

increases rapidly. It is also noticed that with the more the chirping rate the more the 

broadening rate. Whereas for un-chirped pulse that is for C = 0 at 20 Gbps bit rate the 

PBF is almost constant up to distance 22 km  while at 50 Gbps it is 3.6 km. After this 

distance the pulse broadening ratio increases rapidly. The increasing chirping effect is 

more in LEAF fiber than SSMF fiber.  

 

4.3   Effect of chirping with GVD in NZDSF fiber 
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Fig. 4.9:  Pulse broadening effect in NZDSF fiber for positive chirping at the data rates  

 20 Gbps and 50 Gbps at input power 40 mW 
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Fig. 4.10:  Pulse broadening effect in NZDSF fiber for positive chirping at the data         

 rates 20 Gbps and 50 Gbps at input power 80 mW 

 

Fig. 4.9 and Fig.10 show the PBF with the distance for NZDSF fiber at input power of 

40 mW and 80 mW. From figure it is observed that at bit rate 20 Gbps the pulse 

broadening rate is almost constant up to distance 2.56 km for positive chirping, while at 

50 Gbps it is 1.07 km. At bit rate 20 Gbps and 50 Gbps the corresponding half width of 

the pulse is 21.3 ps and 8.5 ps respectively. The corresponding dispersion length is 71.11 

km and 11.32 km respectively. The PBF becomes double at 127.9 km when the system 

operates at 20 Gbps but it becomes 19.24 km when the system operates at 50 Gbps for 

negative chirping. For un-chirped pulse, the PBF is almost constant up to distance 15.33 
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km and 3.5 km for bit rate 20 Gbps and 50 Gbps respectively. When the input power 

increases to 80 mW the pulse broadening effects are same as input power 40 mW. So, 

input power has no effect on pulse broadening for GVD only. 
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Fig. 4.11:  Pulse broadening effect in NZDSF fiber for negative chirping at the data         

 rates 20 Gbps and 50 Gbps at input power 40 mW 

 

Fig.4.11 shows the pulse broadening due to negative chirping for NZDSF. From figure it 

is found that for negative chirping at 20 Gbps bit rate the initial PBF is 1.014 and at 50 

Gbps it is 1.112.It is also seen that for negative chirping there is no pulse compression 

and with the fiber length the pulse broadening factor increases rapidly. It is observed that 

at bit rate 20 Gbps the pulse broadening rate is almost constant up to distance 1.71 km 

for negative chirping, while at 50 Gbps it is 1.21 km. The PBF becomes double at 59.87 
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km when the system operates at 20Gbps but it becomes 11.25 km when the system 

operates at 50 Gbps for negative chirping. Whereas for un-chirped pulse that is for C = 0 

at 20 Gbps bit rate the  PBF is almost constant up to distance 15.58 km  while at 50 Gbps 

it is 3.79 km. After this distance the pulse broadening ratio increases rapidly. At 20 Gbps 

the PBF becomes double at 125.2 km and 21.7 km at 50 Gbps. 
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  Fig. 4.12:   Pulse broadening effect in NZDSF fiber for increasing positive and  

   negative chirping value  at the data rates  20 Gbps and 50 Gbps at input power 40 mW 

 

Fig. 4.12 shows the pulse broadening for increasing positive and negative chirping value 

the data rates 20 Gbps and 50 Gbps at input power 40 mW for SSMF. It is also seen that 

for negative chirping there is no pulse compression and with the fiber length the PBF 

increases rapidly. It is also noticed that with the increasing positive and negative 

chirping value the pulse broadening also increases. Whereas for un-chirped pulse that is 
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for C = 0 at 20 Gbps bit rate the PBF is almost constant up to distance 22 km  while at 

50 Gbps it is 3.6 km. After this distance the pulse broadening ratio increases rapidly. The 

chirping effect is more in NZDSF than LEAF and SSMF.  

 

4.4   Effect of chirping with GVD in MCDFF fiber 
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Fig. 4.13:  Pulse broadening effect in MCDFF fiber for positive chirping at the data rates  

 20 Gbps and 50 Gbps at input power 40 mW 
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Fig. 4.14:  Pulse broadening effect in MCDFF fiber for positive chirping at the data rates  

20 Gbps and 50 Gbps at input power 80 mW 

 

Fig. 4.13 and Fig. 4.14 show the analytical PBF for MCDFF caused by first order GVD 

considering chirped Gaussian pulse in a optical transmission system, operating in 1550 

nm wavelength at the data rates of 20 Gbps and 50 Gbps considering input power of 40 

mW and 80 mW. At 20 Gbps the PBF is almost constant up to distance 2.16 km for 

positive chirping, while at 50 Gbps it is 2.02 km. But for un-chirped pulse at 20 Gbps the 

pulse broadening factor remains constant up to 78.75 km and 12.86 km for 50 Gbps bit 

rate. At bit rate 20 Gbps and 50 Gbps the corresponding half width of the pulse is 21.3 

ps and 8.5 ps respectively. At this pulse widths the dispersion length, at which the pulse 

width becomes  times of the initial width defined by LD = is 353.64 and 56.58 km 
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respectively. At 20 Gbps, the PBF becomes double at 641.5 km while it is 100.2 km at 

50 Gbps for positive chirping. And for un-chirped pulse, it becomes double at 633.1km 

and 1o1.3 km for 20 and 50 Gbps respectively. When the input power increases to 80 

mW the pulse broadening effects are same as input power 40 mW. 
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      Fig. 4.15:  Pulse broadening effect in MCDFF fiber for negative chirping at the data   

       rates 20 Gbps and 50 Gbps at input power 40 mW 

 

Fig. 4.15 depicts for negative chirping at 20 Gbps bit rate the initial PBF is 1.024 and at 

50 Gbps it is 1.023. It is also seen that for negative chirping, there is no pulse 

compression and with the fiber length the pulse broadening factor increases rapidly. The 

PBF becomes double at 303.74 km when the system operates at 20 Gbps but it becomes 
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only 48.62 km when the system operates at 50Gbps for negative chirping. Whereas for 

un-chirped pulse that is for C = 0 at 20 Gbps bit rate, the PBF is almost constant up to 

distance 78.75 km  while at 50 Gbps it is 12.33 km. After this distance the pulse 

broadening ratio increases rapidly.  
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  Fig. 4.16:   Pulse broadening effect in MCDFF fiber for increasing positive and  

  negative chirping value at the data rates 20 Gbps and 50 Gbps at input power 40 mW 

 

Pulse broadening for increasing positive and negative chirping value is shown in Fig. 

4.16 at the data rates 20 Gbps and 50 Gbps at input power 40 mW for MCDFF. It has 

been noticed that for negative chirping there is no pulse compression and with the fiber 

length the PBF increases rapidly. It is also noticed that with the increasing positive and 

negative chirping value the pulse broadening also increases.  
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Whereas for un-chirped pulse at 20 Gbps the pulse broadening factor remains constant 

up to 78.75 km and 12.86 km for 50 Gbps bit rate. After this distance, the pulse 

broadening ratio increases rapidly.  

4.5   Effect of chirping with GVD in MCDSF fiber 
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Fig.4.17:  Pulse broadening effect in MCDSF fiber for positive chirping at the data rates  

 20 Gbps and 50 Gbps at input power 40 mW 
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Fig.4.18:  Pulse broadening effect in MCDSF fiber for positive chirping at the data rates  

20 Gbps and 50 Gbps at input power 80 mW 

 

Fig. 4.17 and Fig. 4.18 show the comparative pulse broadening effect at input power of 

40 MW and 80mW for MCDSF fiber. From Fig. 4.17, it is observed that at bit rate 20 

Gbps the pulse broadening rate is almost constant up to distance 53.47 km for positive 

chirping, while at 50 Gbps it is 8.26 km. At bit rate 20 Gbps and 50 Gbps, the 

corresponding half width of the pulse is 21.3 ps and 8.5 ps respectively. The 

corresponding dispersion length is 8875.8 km and 1420 km respectively. The PBF 

becomes double at 150000 km when the system operates at 20 Gbps but it becomes 2596 

km when the system operates at 50 Gbps for positive chirping. For un-chirped pulse, the 

PBF is almost constant up to distance 2015 km and 317.9 km for bit rate 20 Gbps and 50 



69 
 

Gbps respectively. When the input power increases to 80 mW the pulse broadening 

effects are same as input power 40 mW. 
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Fig. 4.19:  Pulse broadening effect in MCDSF fiber for negative chirping at the data             

 rates 20 Gbps and 50 Gbps at input power 40 mW 

 

In Fig. 4.19, it is seen that for negative chirping at 20 Gbps bit rate the initial pulse 

broadening factor is 1.024 and at 50 Gbps it is 1.023. It is observed that at bit rate 

20Gbps the pulse broadening rate is almost constant up to distance 208 km for negative 

chirping, while at 50 Gbps it is 32.82 km. Whereas for un-chirped pulse that is for C = 0 

at 20 Gbps bit rate the pulse broadening factor is almost constant up to distance 2015 km 

while at 50 Gbps it is 317.9 km. After this distance the pulse broadening ratio increases 
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rapidly. Also, it is also seen that for negative chirping there is no pulse compression and 

with the fiber length the pulse broadening factor increases rapidly. 
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    Fig. 4.20:   Pulse broadening effect in MCDSF fiber for increasing positive and  

    negative chirping value  at the data rates  20 Gbps and 50 Gbps at input power 40 mW 

 

Fig. 4.20 shows the pulse broadening for increasing positive and negative chirping value 

the data rates 20 Gbps and 50 Gbps at input power 40 mW for MCDSF. It has been seen 

that for un-chirped pulse, the PBF is almost constant up to distance 2015 km and 317.9 

km for bit rate 20 Gbps and 50 Gbps respectively. After this distance the pulse 

broadening ratio increases rapidly. Again, for negative chirping there is no pulse 

compression and with the fiber length the PBF increases rapidly. It is also noticed that 

with the more the chirping rate the more the broadening rate. The increasing chirping 

effect is less in MCDSF fiber than other fiber.  
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So, the effect of chirping and GVD in different fibers can be summarized as follows: 

1. For positive chirping, the pulse initially compresses in all the three fibers but 

after some distance the pulse broadening increases. Again, no pulse compression 

for un-chirped pulse. 

2. For negative chirping, there is no pulse compression in all fibers. So, negative 

chirping effect is more than positive chirping on pulse propagation in optical 

fiber. 

3. For the increasing chirping values, the pulse broadening rate also increases in all 

the fibers but the effect is less in MCDSF compared to MCDFF, SSMF, LEAF or 

NZDSF. 

4. For the same data rate, the amount of pulse broadening for the different fibers is 

different since they have different amount of dispersion profile. It is seen that for 

the same data and distance the pulse broadening factor in MCDSF and MCDFF 

is less compared to SSMF, LEAF or NZDSF. 

5. The input power has no effect on pulse broadening factor and for the same fiber 

as the data rate increases the dispersion length decreases. 
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4.6 Combined effect of Chirping, SPM and GVD in SSMF 

To compare the combined effect of chirping, GVD and self -phase modulation among 

different fibers in 3D environment with the aid of nonlinear Schrodinger equation 

(NLSE) through numerical simulation we have plotted the temporal evolution of the 

output pulses in Fig.4.21, Fig. 4.22, Fig. 4.23, Fig.4.24 and Fig.4.25 showing the pulse 

power versus time and distance .The initial pulse width of the Gaussian pulse is 42 ps. 
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Fig. 4.21:  Combined effect of Chirping, SPM and GVD in SSMF in normal and      

 anomalous dispersion regime  

 

From Fig. 4.21, it can be observed that for SSMF in the anomalous dispersion regime, 

the pulse broadening is less compared to the normal dispersion regime. As in the 

anomalous regime, SPM induces positive chirp while dispersion induces negative chirp. 



73 
 

As a consequence, these two chirps result in a less pulse broadening. There is no pulse 

compression in SSMF in both regimes. As the pulse propagates through the transmission 

medium, the output pulse power degrades in both regimes. At propagation distance z = 

200 km, the power of the output pulse in the anomalous and normal regime is 1.82 mW 

and 1.306 mW respectively. So, in the normal dispersion regime less power is obtained 

than anomalous dispersion regime for the same distance.  

4.7 Combined effect of Chirping, SPM and GVD in LEAF 
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Fig. 4.22: Combined effect of Chirping, SPM and GVD in LEAF in normal and 
anomalous dispersion regime 

 

From Fig. 4.22, it is found that combined effect of SPM and GVD with chirping can be 

observed for LEAF. In the anomalous dispersion regime with the increase of propagation 

distance the pulse power increases but with pulse compression. At z = 200 km, the 
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output pulse power is high approximately 15.3 mW. In the normal dispersion regime 

with the increase of propagation distance the output pulse broadens by lowering its peak 

power. At 200 km, the power is very low approximately 2.8 mW. So, it is observed that 

LEAF shows better performance in the anomalous dispersion regime than the normal 

dispersion regime.   

4.8 Combined effect of Chirping, SPM and GVD in NZDSF 
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Fig. 4.23: Combined effect of chirping, SPM and GVD in NZDSF in the normal and 

anomalous dispersion regime 

It is analyzed from Fig. 4.23 that the output pulse power is more in NZDSF than LEAF, 

almost 10.8 mW in anomalous regime at z = 100 km. On the other hand, in LEAF the 

power is approximately 7.92 mW at 100 km in the anomalous regime. So, it is observed 

that NZDSF can be used to transmit signal in short distances. The output pulse 
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propagation characteristics is almost same in both fibers except at z = 200 km at the 

anomalous dispersion regime, the power is approximately 14.9 mW and in the normal 

dispersion regime it is 2.5 mW which is more than LEAF fiber. 

4.9 Combined effect of Chirping, SPM and GVD in MCDFF 

From Fig. 4.24, the combined effect of SPM and GVD with chirping has been observed 

for MCDFF. In the anomalous dispersion regime with the increase of propagation 

distance the pulse power increases but with pulse compression. At z = 200 km, the 

output pulse power is high approximately 8.5 mW. In the normal dispersion regime with 

the increase of propagation distance the output pulse broadens by lowering its peak 

power. At 200 km, the power is very low approximately 3.9 mW. So, it is observed that 

MCDFF shows better performance in the anomalous dispersion regime than the normal 

dispersion regime.   
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Fig. 4.24: Combined effect of chirping, SPM and GVD in MCDFF in the normal and 

anomalous dispersion regime 
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4.10 Combined effect of Chirping, SPM and GVD in MCDSF 

In this section, we will explore the propagation behavior of MCDSF. In Fig 4.25 for 

MCDSF, in both anomalous dispersion and normal dispersion regime, there is not any 

broadening effect with the propagation distance. Also, the output power remains same 

throughout the propagation distance and this fiber gives output like an optical soliton. 

About 200 km has been covered by fundamental soliton in MCDSF without being 

affected by higher order terms. This fiber gives best performance among the other fibers. 

At, z = 200 km the output power is approximately 5.9 mW. 
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Fig. 4.25: Combined effect of chirping, SPM and GVD in MCDFF in the normal and 

anomalous dispersion regime. 
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So, the combined effect of chirping, GVD and SPM in different fibers can be 

summarized as follows: 

1. In the anomalous dispersion regime, the pulse broadening is less compared to the 

normal dispersion regime in all fibers such as SSMF, LEAF, NZDSF, MCDFF 

and MCDSF. As in the anomalous regime, SPM induces positive chirp while 

dispersion induces negative chirp. As a consequence, these two chirps result in a 

less broadening of the pulse. 

2. In the normal dispersion regime less power is obtained than anomalous 

dispersion regime for the same distance in all fibers. 

3. It is observed that LEAF and MCDFF shows better performance in the 

anomalous dispersion regime than the normal dispersion regime. At z = 200 km, 

the output pulse power is high approximately 15.3 mW in LEAF than all fibers in 

anomalous dispersion regime.    

4. It is observed that NZDSF can be used to transmit signal in short distances. 

5. MCDSF fiber gives output like an optical soliton. About 200 km has been 

covered by fundamental soliton in MCDSF without being affected by higher 

order terms. This fiber gives best performance among the other fibers in both 

regimes. 
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4.11    Chirping effect on SSMF 

The chirping effect in 3-D environment for different fibers is shown in Fig.4.26, 

Fig.4.27, Fig.4.28, Fig.4.29 and Fig.4.30. In Fig.4.26, for the increasing positive chirp 

parameter the output pulse compresses up to 50 km but after that distance the output 

pulse broadens rapidly. So, the output pulse power degrades drastically for increasing 

positive chirping effect with SPM and GVD in SSMF. On the other hand, it can be 

observed that the broadening rate is more severe for negative chirping than positive 

chirping and there is no pulse compression. At z = 200 km, the output pulse power is 

very low compared to the input power for negative chirping. 
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Fig. 4.26: Positive (C = + 2) and negative (C = - 2) chirping effect on SSMF in 

anomalous dispersion regime 
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4.12 Chirping effect on LEAF 

From Fig. 4.27, it is found that for LEAF fiber for positive   chirping, the output pulse 

gets compressed up to a distance of 200 km. The peak output power increases up to a 

distance of 150 km and then decreases in case of positive chirping. For negative chirping 

,the pulse broadens lowering its peak power. Though the pulse broadening for negative 

chirping is greater in LEAF fiber but still shows better performance than SSMF fiber. 
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Fig. 4.27: Positive (C = + 2) and negative (C = - 2) chirping effect on LEAF in 

anomalous dispersion regime 
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4.13 Chirping effect on NZDSF 

The effect of increasing chirping parameter for NZDSF fiber is shown in Fig.4.28. Thus 

for large positive chirp value the output pulse initially compresses and increases peak 

power up to 100 km, after that the pulse starts broadening with lowering peak power. 

Again, for negative chirping the pulse broadening rate is high with lowering its peak 

power. At 200 km, the peak power is approximately 3.2 mW. Thus, from this 

comparison, we can conclude that in LEAF, the combined effect of chirping, SPM and 

GVD is less compared to SSMF or NZDSF and it can be considered as a good media to 

transmit pulses at longer distances. 

0

50

100

150

200

-500

0

500

0

5

10

15

Distance(km)Time(ps)

P
o
w

e
r(

m
W

)

C  = 2

C = - 2

 

 Fig. 4.28: Positive (C = + 2) and negative (C = - 2) chirping effect on NZDSF in 

anomalous dispersion regime 
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4.14 Chirping effect on MCDFF 

From Fig. 4.29, it is found that for MCDFF fiber for positive   chirping, the output pulse 

gets compressed up to a distance of 200 km. The peak output power increases gradually 

up to distance of 200 km and then decreases in case of positive chirping. At, z = 200 km 

the power is 13.5 mw for positive chirping. For negative chirping the pulse broadening 

almost same throughout the propagation distance. So, MCDFF shows better behavior for 

negative chirping among other fibers. 
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 Fig. 4.29: Positive (C = + 2) and negative (C = - 2) chirping effect on MCDFF in 

anomalous dispersion regime 
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4.15 Chirping effect on MCDSF 

Fig. 4.30 shows Positive (C = + 2) and negative (C = - 2) chirping effect on MCDSF in 

anomalous dispersion regime. Different characteristics for increasing chirping for 

MCDFF is shown here. About 200 km has been covered without broadening in MCDSF 

.The spectrum is not affected by up chirping. The peak output power remains same up to 

distance of 200 km as output pulse is not affected by higher order terms. At, z = 200 km 

the power is approximately 5.063 mw for positive and negative chirping. So, MCDSF 

can be a great one for communication with comparison to other fibers demonstrated. 
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Fig. 4.30: Positive (C = + 2) and negative (C = - 2) chirping effect on MCDSF in 

anomalous dispersion regime 
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So, the effect of chirping in different fibers can be summarized as follows: 

1. It can be observed that the broadening rate is more severe for negative chirping 

than positive chirping in all fibers .At z = 200 km the output pulse power is very 

low compared to the input power for negative chirping in SSMF. 

2. For negative chirping, the pulse broadening almost same throughout the 

propagation distance. So, MCDFF shows better behavior for negative chirping 

among other fibers. 

3. The peak output power remains same up to distance of 200 km as output pulse is 

not affected by up chirping in MCDSF. So, MCDSF can be a great one for 

communication with comparison to other fibers demonstrated. 

 

4.16 Pulse Degradation Behavior of Fibers 

A comparison of pulse degradation behavior in normal and anomalous dispersion regime 

for the combined effect of SPM and GVD for different fibers is shown in Fig. 4.31 in 2D 

environment. It can be observed from Fig. 4.31 that the pulse degradation is more severe 

in the normal regime than the anomalous regime for all fibers. In LEAF fiber the pulse 

degradation effect is less than NZDSF and SSMF. In the anomalous regime, the power is 

approximately 6 mW and in the normal regime the power is approximately 3 mW for 

LEAF. In NZDSF, the pulse degradation effect is greater than LEAF. As in the 

anomalous regime, the power is approximately 6.5 mW and in the normal regime the 

power is approximately 3.0 mW. 
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              Fig. 4.31:  Pulse degradation behavior of 3- different fibers 

 

4.17 Comparison with Published Works 

Over the years various works has been carried out to investigate the effect of chirping, 

group velocity dispersion and self-phase modulation using different methods and 

techniques. In this section, we are comparing the performance of our proposed method 

with existing methods. A relative comparison for output power versus link length is 

shown in table 4.2. 
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Table 4.2:  Comparison among different research works for output power versus link 

length 

SL

. 

Parameter Type of 

study 

View Length 

of the 

link 

Chirp 

value 

Output  

power 

1. SPM+GVD(SSMF) [29] 
(Anomalous regime) 
          Existing 

Simulation 3D 200 km C = 0 At 100 km 
10.2 mW 

2. SPM+GVD(SSMF) 
(Anomalous regime) 
        Proposed 

Simulation 3D 200 km C = 0 At 100 km 
9.5 mW 

3. SPM+GVD(SSMF) [29] 
(Anomalous regime) 
          Existing 

Simulation 3D 200 km C = 1 12.5 mW 

4. SPM+GVD(SSMF) 
(Anomalous regime) 
        Proposed 

Simulation 3D 200 km C = 1 11.5 mW 

5. SPM+GVD(SSMF) [29] 
(Normal regime) 
          Existing 

Simulation 3D 200 km C = 0 4.93 mW 

6. SPM+GVD(SSMF) 
(Normal regime) 
         Proposed 

Simulation 3D 200 km C = 0 4.94 mW 

7. SPM+GVD(SSMF) [29] 
(Normal regime) 
          Existing 

Simulation 3D 200 km C = 1 3.41 mW 

8. SPM+GVD(SSMF) 
(Normal regime) 
         Proposed 

Simulation 3D 200 km C = 1 3.35 mW 

9. SPM+GVD(SSMF) [41] 
(Normal regime) 
          Existing 

Simulation 3D 80 km C = 1 3.24 mW 

10. SPM+GVD(SSMF) 
(Normal regime) 
         Proposed 

Simulation 3D 80 km C = 1 3.28 mW 
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4.17.1 Comparison of Output Power versus Time and Fiber Length  

Hamza et al. have analyzed the un-chirped and chirped Gaussian pulse propagation 

through single mode fiber considering SPM and GVD in normal and anomalous 

dispersion regimes [29]. Fig. 4.32 and Fig. 4.33 show the pulse evolution behavior for C 

= 0 and C = 1 respectively. We have analyzed the effect of chirping, GVD and SPM by 

plotting 3D graph of output pulses peak power versus time and distance or fiber length 

varying chirp parameter. It is observed from Fig. 4.32 that our simulation result is almost 

similar to the existing simulation work. It is found that the difference is only about 0.7 

mW length for C = 0 and about 1 MW for C = 1 at 100 km link length in anomalous 

dispersion regimes. As depicted in Fig. 4.34 and Fig.4.35, in normal dispersion regimes 

for un-chirped pulse i.e. for C = 0, the power difference is 0.1 mW and for C = 1 the 

power difference is 0.6 mW with the existing work. In the simulation work [29], there 

might have assumed some simple boundary condition. This may be the probable cause 

for the small deviation between the existing and our proposed simulation work. 
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Fig. 4.32: Output power versus distance in anomalous dispersion regime for un-chirped 

Gaussian pulse (C = 0) 
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Fig. 4.33:  Output power versus distance in anomalous dispersion regime for chirped 

Gaussian pulse (C = 1) 
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Fig. 4.34:  Output power versus distance in normal dispersion regime for un-chirped 

Gaussian pulse (C = 0) 
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Fig. 4.35:  Output power versus distance in normal dispersion regime for chirped 

Gaussian pulse (C = 1) 

 

To investigate the effect of chirping with first order group velocity dispersion, in this 

section, we are comparing the performance of our proposed method with existing 

method for PBF versus link length. A relative comparison for pulse broadening factor 

versus link length is shown in Table 4.3. 
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Table 4.3: Comparison among different research works for pulse broadening factor 

versus link length 

SL Parameter Type of 

study 

View Length 

of the 

link 

Chirp 

value 

Broadening 

factor 

1. First order GVD 
(SSMF) [29] 
(Anomalous regime) 
       Existing 

Simulation 2D 200 km C = 0 Doubled at 
150 km 

2. First order GVD 
(SSMF) 
(Anomalous regime) 
     Proposed 

Simulation 2D 200 km C = 0 Doubled at 
165 km 

3. First order GVD 
(SSMF) [29] 
(Anomalous regime) 
     Existing 

Simulation 2D 200 km C = 2 Doubled at 
115 km 

4. First order GVD 
(SSMF) (Anomalous 
regime) 
    Proposed 

Simulation 2D 200 km C = 2 Doubled at 
110 km 

5. First order GVD 
(SSMF) [29] 
(Anomalous regime) 
     Existing 

Simulation 2D 200 km C = - 2 Doubled at 
42 km 

6. First order GVD 
(SSMF) (Anomalous 
regime) 
    Proposed 

Simulation 2D 200 km C = - 2 Doubled at 
41 km 

7. First order GVD 
(SSMF) [29] 
(Normal regime) 
    Existing 

Simulation 2D 200 km C = 0 Doubled at 
160 km 

8. First order GVD 
(SSMF)         
(Normal regime) 
   Proposed 

Simulation 2D 200 km C = 0 Doubled at 
155 km 

9. First order GVD 
(SSMF) [29] 
(Normal regime)     
Existing 
 

Simulation 2D 200 km C = 2 Doubled at 
42 km 
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SL 

Parameter Type of 

study 

View Length 

of the 

link 

Chirp 

value 

Broadening 

factor 

10. First order GVD 
(SSMF)         
(Normal regime) 
  Proposed 

Simulation 2D 200 km C = 2 Doubled at 
40 km 

11. First order GVD 
(SSMF) [29] 
(Normal regime) 
  Existing 

Simulation 2D 200 km C = -2 Doubled at 
112 km 

12. First order GVD 
(SSMF)         
(Normal regime) 
  Proposed 

Simulation 2D 200 km C = -2 Doubled at 
108 km 

13. First order GVD 
(SSMF) [38] 
(Normal regime) 
   Existing 

Simulation 2D 1000km C = 0 Doubled at 
160 km 

14. First order GVD 
(SSMF)         
(Normal regime) 
     Proposed 

Simulation 2D 1000km C = 0 Doubled at 
165 km 

 

4.17.2 Comparison of PBF versus Fiber Length  

Fig. 4.36 and Fig.4.37 shows the PBF versus fiber length considering chirping and first 

order GVD in anomalous and normal dispersion regimes. It is noticed from Fig. 4.36 that 

for anomalous dispersion regime, initially the broadening factor decreases from 1 for an 

initially chirped Gaussian pulse with positive chirp value of 2.The initial PBF becomes 

doubled at 115 km link length for positive chirp value of 2 and 42 km for negative chirp 

value of -2. It indicates compression of the pulse thus attaining high peak power value. 

No such compression is observed for an initially un-chirped (C = 0) Gaussian pulse. At a 

propagated distance of 70 km, the broadening factor again becomes 1.It means that input 

pulse has been recovered at that propagated distance. Whereas no such pulse recovery 

happens even for initially positively induced chirp in normal dispersion regimes 

[29].Whereas in our simulation the PBF becomes doubled at 110 km link length for 
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positive chirp value of 2 and 41 km link length for negative chirp value of -2. So it can 

be seen that our simulation result almost similar to the existing simulation work. 

For negative chirp value C = -2 the input pulse can be recovered at propagated distance 

55 km in normal dispersion regimes [29].The result for normal dispersion regime is 

almost similar to our proposed work. Karmaker et al. investigated the PBF versus link 

length for different boundary conditions [38]. The results are almost similar with our 

proposed work with a difference of 5 km link length. 
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Fig. 4.36:  Pulse broadening factor versus fiber length considering chirping and first 

order GVD in anomalous dispersion regime 
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Fig. 4.37: Pulse broadening factor versus fiber length considering chirping and first 

order GVD in normal dispersion regime 

4.17.3 Overall Comparison with Related Work 

In Table 4.2 and 4.3, we have established a comparison of our proposed work with 

published work. Hamza et al. have investigated the evolution behavior of cos-gauss 

pulse in dispersion dominant regime of single mode optical fiber considering different 

boundary conditions in 3D environment [41].This research showed that by increasing 

positive value of chirp ,the output pulses broadens at a faster rate as the propagated 

distance increases. The output pulse power difference is 0.4 mW with our proposed 

work. Hamza et al. have analyzed the un-chirped and chirped Gaussian pulse 

propagation through single mode fiber in different regimes [29]. The output is almost 

similar with our proposed work in both regimes. Karmaker et al.  have analyzed the PBF 

versus link length for different boundary conditions in 2D environment [38]. The results 

are almost similar with our proposed work with a difference of 5 km link length. 
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4.18  Conclusion 

A detailed analytical formulation and numerical computation are carried out to evaluate 

the combined effects of chirping, GVD and SPM in optical fiber communication systems 

for different fibers such as SSMF, LEAF, NZDSF, MCDFF and MCDSF. Initially, we 

have plotted the PBF versus link length for different fibers in 2D for various data rate 

and chirp values considering chirping and GVD effects. Later on, output pulse power 

versus time and distance is plotted in 3D considering combined effect of chirping, GVD 

and SPM for normal and anomalous dispersion regimes. It is found that, the impact of 

data rate, fiber length and chirping on the PBF is more than input power. It is also 

observed that, MCDSF shows better performance when considering the combined effect 

of chirping, GVD and SPM. 

Finally, we have compared our works with the published works and found almost similar 

results. Our analytical model is based on some boundary conditions and as a result we 

have seen a little deviation with the published simulation results. Our findings in this 

research work may be helpful to select appropriate fiber for optical communication and 

in designing a high speed long haul optical transmission system. 



94 
 

 

CHAPTER 5 

CONCLUSION 

In this chapter, the conclusion is summarized that can be drawn from the this thesis and 

then suggestion for future research is provided. 

5.1 Conclusion 

At large data rate, intense optical power, commencing link lengths and diverse channel, 

the effect of chirping, GVD and SPM limits the system performance significantly in 

WDM system. So, the main motivation of this research work is to study the combined 

effect of chirping, GVD and SPM to optimize system performance. In this research 

work, a detailed analysis has been carried out to find expressions of pulse broadening 

factor by solving the nonlinear Schrodinger equation (NLSE) analytically, considering 

the chirping and GDV effect. Also, a numerical simulation based on NLSE considering 

the said effect with the chirped Gaussian pulse has been done by split step Fourier 

method. The PBF versus link length for different fibers in 2D for various data rate and 

chirp values considering chirping and GVD visualized analytically and graphically. 

To investigate the combined effect of chirping, GVD and SPM on the propagating pulses 

in optical transmission system, output pulse power versus time and distance is plotted in 

3D for normal and anomalous dispersion regimes for various kinds of fiber. The results 

showed that the combined effect of chirping, SPM and GVD are less in MCDSF and 

MCDFF than SSMF, LEAF or NZDSF. It is also found that MCDSF can be an effective 

transmission media to transmit pulses with lower performance degradation than other 

fibers. In addition, the negative chirping effect on pulses is more detrimental than 

positive chirping in all the types of fibers for both normal and anomalous dispersion 

regimes. Also, the input power has no effect on pulse broadening factor and for the same 

fiber as the data rate increases the dispersion length decreases. 
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 These findings will help to design long haul fiber-optic transmission link considering 

different various impairments. Using the above methods transmission characteristics can 

also be understood for other fibers as well. 

 

5.2 Recommendations for future work 

Research work is a continuous process. So, it is important to think about the further 

improvement of this work. We do not analyze the mitigation of chirping with GVD and 

SPM. So, further research may be carried out to mitigate chirping with GVD and SPM 

effect. An analytical solution can be developed considering nonlinearity and chirped 

Gaussian pulse for better output signal. It is also important to look the performance of 

output signal considering chirped Gaussian pulse with other higher order effects that 

degrades the optical transmission system. 
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Appendix 

Derivation 

=  

=  

=  

=  

Using the following transform, 

 

 

J = =  = r 

=  

=  

=  

=  
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=  

 

Let,  

 

So, =             (C.1) 

Put, t =  

=  

 

 

=  

=  

=  

=  

=  

Again  
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Differentiating (C.1) with respect to a we get, 

 

=  

        (C.2) 

Divide C.2 by C.1 we get, 

 

Putting value of   in C.3 we get, 

 

 

So,   =  
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