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Abstract 

In long range optical fiber communication, dispersion is a major technological challenge 

that causes broadening of optical pulses when transmitted through the fiber. As a result, it 

limits the maximum transmission distance and the bit rate. Many efforts have been drawn 

to the development of dispersion compensating techniques to mitigate the effect of pulse 

broadening. In this thesis, modeling and analysis of broadband dispersion compensating 

photonic crystal fibers (DC-PCFs) for dispersion compensation of standard single mode 

fibers (SMFs) have been carried out. Three different PCF models such as circular photonic 

crystal fiber (C-PCF), modified circular photonic crystal fiber (M-CPCF) and modified 

octagonal photonic crystal fiber (M-OPCF) have been designed and their guiding 

properties have been analyzed using finite element method (FEM). A perfectly matched 

layer (PML) circular boundary is has been used to calculate the confinement loss. The 

proposed C-PCF exhibits a high negative dispersion coefficient of about -248.65 to -1069 

ps/(nm.km) over the wavelength ranging from 1340 to 1640 nm. It is also demonstrated 

that the proposed C-PCF shows an effective dispersion of about ± 0.8 ps/(nm.km) over the 

band from 1400 nm to 1610 nm and. However, birefringence of C-PCF is not found so 

high and particularly in the order of about 7x10 4  at 1550 nm wavelength. On the other 

hand, M-CPCF shows a high negative dispersion coefficient of -203.8 to -835.14 

ps/(nm.km) over 1340 to 1640 nm wavelength with a high birefringence of 2.2x102  at 

1550 nm wavelength. In addition, the effective dispersion is found less than ± 0.8 

ps/(nm.km) over the band from 1400 to 1640 nm. Finally, M-OPCF achieves negative 

dispersion coefficient of about -276.27 to -889.21 ps/(nm.km) over 1340 nm to 1640 nm 

with a high birefringence of 2.53 xj 2 at 1550 nm wavelength. Moreover, the effective 

dispersion is less than ± 0.8 ps/(nm.km) over the band from 1430 to 1610 nm wavelength. 

Furthermore, the dispersion slope of the proposed DC-PCFs have been determined and 

found negative over the band of interest and residual dispersion slope (RDS) of the 

proposed DC —PCFs is achieved equal to that of conventional SMFs of about 0.0036 nm-1  

at 1550 nm wavelength. In addition to these, effective area, confinement losses, and 

dispersion behavior for fiber's global diameter variations and fiber's structural parameters 

variation have been investigated. It has been found that the structural parameters and also 

global diameter variations do not affect the dispersion accuracy of the proposed DC-PCFs. 
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CHAPTER I 

Introduction 

1.1 Background 

The invention of optical fiber is the most remarkable achievement in the history of 

telecommunication which has gradually replaced copper wire in telecommunication 

systems because of its many unique and attractive features [1]. Communication system 

employing optical fiber as a transmission link permits signal transmission over longer 

distances and improves rates. Moreover, optical fiber is also being used in non- 

- telecommunication systems such as remote sensing, medical imaging, illuminations, 

machining, and welding applications because of its small size, light weight, chemically 

inertness, higher bandwidth, longer repeater span, electromagnetic immunity, and many 

other interesting properties [2]. Optical fiber is nothing but a waveguide that guides 

signals in the form of light. It is cylindrical in shape and typically constructed using two 

glasses which are prepared from the common material silica (SiO2). However, it consists 

of a higher refractive index solid glass core surrounded by solid glass with a relatively 

lower refractive index than that of core which forms the homogeneous cladding [3]. The 

difference in refractive index is an important parameter that helps to trap the light inside 

-' the fiber core. The signal in the form of light is guided through the optical fiber core based 

on total internal reflection (TIR) mechanism [4]. This type of optical fiber is called 

conventional optical fiber. Though conventional optical fibers are used in both telecom 

and non-telecom applications, there is something that these fibers cannot do. As properties 

of the silica glass are not flexible, ordinary optical fibers cannot suit certain emerging 

applications because tailoring the properties of conventional optical fiber is very difficult. 

To overcome the limitations of conventional optical fibers, the invention of the photonic 

crystal fiber (PCF) which is also called the holey optical fiber (HOF) or microstructure 

optical fiber (MOF), has led to another potential breakthrough in fiber optics technology 

[5]. The PCF is a single material optical fiber which contains microscopic air-holes in a 

silica background running down the length of the fiber. As a result, the entire structure 

forms silica-air microstructure that causes lower refractive index in the cladding region 

and higher refractive index in the core [6]. The PCF can be divided into two categories 

depending on their internal construction. Air holes can be arranged in the cladding either 

in a periodic or an aperiodic fashion and air holes may be of any shape but circular or 



elliptical are common. On the other hand, the core of PCF may be either solid or hollow 

and the light guiding mechanism within PCF completely depends on the construction of 

core. The PCF employing solid core guides optical signal in the form of light through the 

fiber based on the modified TIR mechanism like conventional optical fiber. In this case, 

the refractive index of the core is greater than the refractive index of the cladding. In 

contrast, the PCF with hollow core guides light based upon a very new mechanism which 

is called photonic band gap (PBG) where the refractive index of the core is less that the 

refractive index of the cladding [7]. Hence it is not mandatory that the core of PCF must 

be made of a higher refractive index material than the cladding as in the case of 

conventional optical fiber. Similarly, it is also not necessary that only the TIR mechanism 

confines light into the core of all optical fibers. PCF offers great flexibility in tailoring its 

properties with inclusions of tiny air-holes in the cladding and hence opens a wider design 

space [8]. In addition, the index contrast between the core and cladding increases due to 

the silica-air microstructure in the cladding which helps to tailor the optical properties of 

the PCF. Modulating some parameters of the silica-air microstructure, it is possible to tune 

the dispersion properties of the PCF which helps to specially design the broadband 

dispersion compensating fiber (DCF). In addition, it is possible to design application 

specific guiding properties by PCF which realizes a number of unusual and previously 

unimaginable properties like endlessly single mode operation [9], super high nonlinearities 

[10], very high or low birefringence [11], ultra-flattened and ultra-low chromatic 

dispersion [12], and many others. Hence, PCFs can easily outperform conventional fibers 

in many scientific and technological areas of applications for their superior and easy to 

tailor optical properties. 

1.2 Motivation 

The invention of PCF has opened up enormous scope for the optical fiber communication 

researchers to meet massive potential and promises. Hence, invention of the PCF is 

considered and recognized as a major breakthrough in fiber history [5]. The wide design 

space due to high index contrast, flexibility, superiority, and extraordinary optical 

properties are considered the key to numerous scientific and technological applications in 

both linear and nonlinear regimes [5, 13]. For example, medical sector requires lasers at 

new wavelengths or broadband light sources for diagnosis whereas the sensor industry is 

searching for environmental sensors. On the other hand, the telecommunication sector 
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looks for more efficient dispersion compensator, more flexible amplifiers, and low-cost 

fibers. PCF either hollow core or solid core indeed can serve as optical components for all 

these emerging sectors [14]. All these crucial tasks are great technological challenges to be 

solved. However, in long range optical fiber communication, broadening of optical pulses 

due to dispersion is a major technological challenge as it ultimately limits the maximum 

transmission distance and the bit rate when transmitted through the fiber [15]. Thus, the 

dispersion must be compensated in the long distance optical data transmission system to 

nullify the pulse broadening. Considering the massive potential of this growing field, this 

thesis is to contribute in designing more efficient broadband dispersion compensating fiber 

using PCF. 

1.3 Literature review 

After the first demonstration of the holey optical fiber in 1996 reported by Knight et al. 

[16], PCF research has been launched and from then, interest on this research field is 

increasing day by day due to its potential ability to exhibit some extraordinary optical 

properties which is not possible in conventional optical fiber. They have demonstrated 

practical realization of a holey fiber with periodic air-holes arranged in a hexagonal lattice 

[17] and discovered that holey fiber is similar to conventional fiber in the sense that light 

guiding mechanism in holey fiber is based on modified total internal reflection. However, 

significant differences between the conventional fibers and the PCFs are also observed in 

terms of design space and optical properties. In this thesis, focus will be given broadband 

dispersion compensation technique using PCF. Our aim is to design and characterize of 

PCFs for broadband dispersion compensation of single mode fiber (SMF) that will 

compensate both chromatic dispersion and polarization mode dispersion (PMD). It should 

be mentioned here that there are several dispersion management approaches such as 

soliton, fiber Bragg gratings, optical phase conjugation technique, Dispersion 

Compensating Fibers (DCFs) and so on. Among them, DCFs are widely used and 

commercially available tools for dispersion compensation which are designed to have 

large negative dispersion [18]. In order to reduce the length of DCF, we need high 

negative dispersion [19]. In addition, high negative dispersion of DCFs is needed to be 

achieved over a wide range of wavelength for Wavelength Division Multiplexing (WDM) 

transmissions [20]. Hence, compensation of dispersion and dispersion slope are 

simultaneously required. However, the major pitfall of conventional DCF is that it shows a 
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high negative dispersion peak only at a particular wavelength instead of a broad range 

[21]. So, the key issue is to achieve dispersion compensation over a wide band of 

wavelength. Recently, Photonic Crystal Fiber (PCF) which has gained attentions in many 

fields due to its novel properties such as controllable dispersion, birefringence, 

nonlinearity etc. and has become a promising candidate for addressing the issue of 

broadband dispersion compensation as it allows us to obtain relatively higher negative 

dispersion over a wide band of wavelength than that of conventional DCFs [22]. To 

compensate dispersion of Single Mode Fibers (SMFs), different types of PCF structures 

have already been proposed in [7-10]. PCF with hexagonal structure is proposed in [23] to 

compensate dispersion over 1460-1625 nm wavelength range but the negative dispersion 

is not sufficiently large and Relative Dispersion Slope (RDS) is not equal to SMF's RDS 

of 0.0036 nm at 1.55 tm. M-OPCF has been studied in [24] which achieves negative 

dispersion of only -239.5 ps/(nm.km) at 1.55 tm with 90% slope matching. Although, 

high negative dispersion is achieved in [25] but available bandwidth for dispersion 

compensation is narrow and no effort was made to match RDS. PCF with dual concentric 

core without Ge doping have been proposed in [26] but insufficient bandwidth is further 

noticed. Recently, PCF for dispersion compensation of SMFs have been proposed in [21, 

271 using five air-hole rings. However, PCF reported in [21] shows perfect RDS matching 

but exhibits insufficient negative dispersion of -130 to -360 ps/(nm.km) in a 1.30-1.60 jtm 

wavelength range. In contrast, square-lattice PCF [27] reports a negative dispersion of - 

204.4 ps/(nm.km) and RDS of 0.003543 nm' at 1.55 im wavelength. Moreover, high 

birefringence property is required to eliminate the effect of Polarization Mode Dispersion 

(PMD) but no attempt was made to eliminate PMD in their design. So, there is a still need 

for large negative dispersion and high birefringence over a wide range of wavelength with 

100% slope matching. 

1.4 Light spectrum and telecommunication band 

The electromagnetic spectrum is the range of all possible frequencies of electromagnetic 

radiation. The visible light spectrum spreads from a 400 nm to 700 nm wavelength ranges, 

while optical fibers operate from the ultra-violet to the infrared region ranging from 

getierally 300 to 1700 nm wavelengths. Telecommunication industries have been 

developed in the 0 band to L band (1.30 to 1.65 tm wavelength). Nowadays the 1.30 tm 
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window and 1 .55 .tm windows are in extensive use. Because of the high absorption losses 

around 1.40 jim wavelengths, this window is rarely used. 

Increasing Frequency Decreasing 
- 

Increasing Energy Decreasing 
Decreasing \Vaveleugth Increasing 

\aveleit1i (meter) 

10-14 io- 10 0 10-s io- 10- 10.2 100 102 10 

Cosmic and X-rays Ultra-violet Infra-red 
ganuna rays rays I I rays 

Human eye 
Visible light 

response 

Fig. 1.1 Electromagnetic spectrum. 

Table 1: Electromagnetic band 

Heat Radio 
waves 

,11 1 

Band Name Description Range [nm] 

0-band Original 1260-1360 

E-band Extended 1360-1460 

S-band Short wavelength 1460-1530 

C-band Conventional 1530-1565 

L-band Long wavelength 1565-1625 

U-band Ultra-long wavelength 1625-1675 



3.01 \ 

N 
1.0 : Teleconum

0.5  

Loss due to O-
absorption 

Telecomm.. Window 

1.30 1.50 1.55 1.60 1.65 

Wavelength (jim) 

Fig. 1.2 Optical attenuation characteristics of silica fiber and the telecom windows. 

1.5 Objectives of the thesis 

The main objective of this research is to design a suitable PCF structure that can be used 

as DCF to address the dispersion compensation issues of SMFs in WDM applications. The 

proposed PCFs structures would be designed to meet the following requirements- 

To obtain high negative dispersion over a wide range of wavelengths for 
compensating the chromatic dispersion of conventional optical fiber used in 
WDM system. 
To get RDS of the proposed PCFs equal to that of standard SMFs to ensure 
the slope matching. 
To minimize the effect of PMD by introducing high birefringence property 
in the proposed structures. 
To reduce the length of proposed PCFs by introducing high negative 
dispersion. 

V. To investigate dispersion accuracy of the proposed PCFs considering 
fabrication tolerance. 

1.6 Thesis outline 

Chapter I covers general introduction of the thesis and Chapter II covers fundamental 

coticepts of PCF in brief. Chapter III presents a brief discussion about the numerical 

computational methods for mode solutions of PCF and necessary equations to evaluate the 

light guiding properties of the designed PCF. Chapter IV presents scopes and constrains of 



designing dispersion compensating PCF, an optimum dispersion compensating PCF 

design, its modal properties including dispersion, effective refractive index, effective 

dispersion, relative dispersion slope and birefringence, potential applications. Hence, 

Chapter IV also includes a comparison of properties between the designed PCFs and other 

similar PCFs in the peer reviewed literature. Finally, Chapter V includes conclusion and 

scopes for further study. 

1.7 Summary 

The general background PCF research field, factors influencing widespread applicability 

of these fibers, thesis motivation, literature review, light spectrum and telecom band, 

- objectives and organization of the thesis has been presented in brief. 
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CHAPTER II 

Fundamentals of Photonic Crystal Fiber 

2.1 Introduction 

Photonic crystal fiber (PCF), also known as microstructured optical fiber (MOF) or holey 

fiber (HF) is a new class of optical fiber based on the properties of photonic crystals made 

of periodic optical nanostructures that affect the motion of photons. Photonic crystal fibers 

have recently made great interest in the scientific community because of providing the 

innovative ways to control and guide light which is not obtainable with conventional 

optical fibers. It has also the ability to confine light even in hollow cores. Due to its 

numerous properties, PCF has driven an exciting and irrepressible research activity all 

over the World in both telecom and non-telecom sector. For example, PCF is finding 

application in telecom sector including fiber-optic communications, fiber lasers, nonlinear 

devices, high-power transmission and then touching non-telecom sector such as biology, 

sensing, metrology, spectroscopy, microscopy, astronomy and micromachining. The term 

"photonic-crystal fiber" was coined by Philip Russell, pioneer of this research field after 

the invention of first silica-air microstructure of hexagonal structure in 1995-1996. 

2.2 Construction of PCF 

PCF is a microstructured single material optical fiber in which microscopic array of air 

channel run down the entire length of fiber [I]. These air-holes in the silica background 

constitute the cladding and thus make low refractive index profile in cladding. The 

background material in PCF is usually undoped silica. On the other hand, the core is 

normally formed either by removing a central air-hole from the whole structure or by 

creating a larger air-hole in its position. PCF structure with missing air hole in the core 

leads to solid core which forms high index profile in the core than cladding. This type of 

fiber structure is called high index core (HIC) or index-guiding (IG) PCF. Fiber structure 

with a placement of air hole in the core is called a hollow core (HC) or low index core 

(LIC) or photonic band gap (PBG) PCF. However, the solid core PCF first demonstrated 

by Philip Russell consisted of a hexagonal lattice of air holes in a silica in 1996 whereas 

hollow core PCF with a hexagonal lattice of air holes was first discovered by the same 

scientist Philip Russell in 1999 [1]. Fig. 2.1 shows cross sectional views of both the high 
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index and low index core PCFs. In the figure, air holes are represented by small unfilled 

circles. The absence of an air hole is denoted by a dotted small circle. Inclusions of air-

holes in the PCF offer a variable index-contrast between the core and the cladding which 

is achieved by changing dimensions of holes and cladding geometry. Thus, PCFs have a 

number of design freedom namely air-hole diameter, air-hole to air hole distance (the 

pitch), core radius, and number of rings. Since the guiding properties of optical fibers 

depend on the refractive index and the refractive index of PCF depends on those design 

freedoms, application specific guiding properties can be achieved by modulating those 

parameters [2]. 

Silica line 

1_11-11-il--1 Air line J1_I1__flJ1.. 
(a) (b) 

Fig. 2.1 Schematic cross sections and index-profiles of (a) IG-PCF (the dotted circle in the 

center indicates an omitted air-hole) and (b) HC or PBG PCF (the larger circle in the 

center represents the hollow core). 

Index-guiding PCF with a solid glass region within a lattice of air-holes is shown in Fig. 

2.1 which offers a lot of new opportunities not only for applications related to fundamental 

fiber optics. These opportunities are related to some special properties of the photonic 

crystal cladding which are due to the large refractive index contrast and the two-

dimensional nature of the microstructure. As a result, guiding properties can be 

significantly altered and thus controlled the dispersion, dispersion slope, effective 

dispersion, birefringence, confinement loss, effective area and so on. Photonic bandgap 

PCF is shown in Fig. 2.1 (b) where the PCF core region has a lower refractive index than 



the surrounding photonic crystal cladding. PCF with a low index core are created by 

introducing a defect in the photonic crystal structure, for example, an extra air-hole. 

2.3 Classification of different PCF 

Depending on the light guiding mechanism, PCFs is generally classified into two main 

categories, i.e., index guiding PCF (IG-PCF) and hollow core (HC) or photonic bandgap 

(PBG) PCF. However these two types of PCF can further be classified into a number of 

other types based on the dimensions of the fiber parameters, structures, and specific 

guiding properties. Upon them, IG-PCF can be broadly classified as 

2.3.1 Highly nonlinear (HNL) fiber: 

Core dimensions of this type of PCF are made very small so as to provide tight mode field 

confinement. 

2.3.2 Large mode area (LMA) fiber: 

Core dimensions of this type of PCF are made larger which exhibits small refractive index 

contrast and allow spreading out of the guiding light to provide a larger effective area. 

2.3.3 Hole assisted PCF (HA-PCF): 

This type of IG-PCF consists of doped core i.e. high index material doped silica 

surrounded by holey cladding. 

2.3.4 High numerical aperture (HNA) fiber: 

it consists of microstructure cladding surrounded by a ring of air-holes with larger 

dimensions. 

On the other hand, PBG-PCF is classified as air-guiding (AG), HC fibers, low index core 

(LIC) fibers, or Bragg fibers. PCF can again be of another type namely polarization 

maintaining (PM) fibers having either a stress applying part or an asymmetric cladding 

structure to maintain a linear state of polarization. Again, likewise a conventional fiber, 

PCF is also classified as single mode or multi-mode fibers depending on the number of 

modes supported by a particular PCF either IG or PBG. All these types of microstructure 

PCF are shown in Fig. 2.2. 

2.4 Light guiding mechanism of PCF 

In order to form a guided mode in an optical fiber, it is necessary to introduce light into the 

core. PCF generally guides light using two mechanisms namely total internal reflection 
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Fig. 2.2 Types of PCFs (a) PM-PCF, (b) HA-PCF, (c) HNA-PCF, and (d) Bragg Fiber 

(TIR) and PBG mechanism. However, IG-PCF guides light through a form of total 

internal reflection (TIR) called modified TIR where a two-dimensional photonic crystal 

works as a fiber cladding and refractive index of core remains higher than refractive index 

of cladding. The guiding mechanism is defined as "modified" because the cladding 

refractive index is not a constant value than that of the standard optical fibers rather it 

changes significantly with the wavelength. In the contrary, PBG-PCF guides light via the 

mechanism of diffraction rather than total internal reflection [3]. Thus, light of any 

wavelength within that range cannot escape from the core and in analogy with electronic 

band-gap materials, cladding structure is called a photonic crystal and the wavelength 

range over which light is confined within the hollow core is called the band-gap of the 

material. Fig. 2.2(a) shows that IG-PCF generally omits a single air-hole from the 

structure. This type of PCFs can also have a high index material (e.g. Ge) doped core. In 

either case, the core must have a high refractive index (n0 > n) than that of effective 

refractive index of the cladding. Unlike IG-PCFs, PBG PCFs have a hollow core (n 0  < ni) 
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which is generally created by placing a larger air-hole in the center as shown in Fig.2.2 

(d). 

2.5 Difference between PCF and conventional fiber 

An ordinary optical fiber is made of a core which has a higher refractive index than that of 

the cladding as shown in Fig. 2.3 (b). The refractive index of the core is made higher than 

that of the silica cladding by doping a high refractive index material in the core region. 

Thus Germanium is generally used for increasing the refractive index whereas Fluorine is 

commonly used material for decreasing the refractive index. In contrast, PCF is a single 

material fiber that contains tiny air holes in a silica background as shown in Fig 2.3 (a). 

Index contrast between the core and the cladding of conventional fibers is very low but 

PCF offers a wide possibility to control the index contrast between the core and the 

photonic crystal cladding by simply modulating the cladding parameters. This is the 

primary difference between the two fibers for which novel and unique optical properties 

can be achieved significantly using PCF F41. 

Air-holes 

Silica 

(si02; 

Doped SiO2  

SiO2  line 
SiO2 line F-1   
Air line 

Doped SiO2  line 

(a) (b) 

Fig. 2.3 Schematic cross sections and index-profiles of (a) PCFs (a missing air-hole in the 

center represents the core) and (b) Ordinary fibers. 
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2.6 Guiding properties of the PCF 

In the following subsections, wavelength dependent response of chromatic dispersion, 

birefringence, confinement loss, mode field diameter, effective area and single/multi-mode 

response of PCF are discussed. 

2.6.1 Chromatic dispersion 

An important transmission characteristic of an optical fiber is dispersion, which describes 

wavelength-dependent transmission delays [5]. However, an optical pulse broadens during 

transmission through the fiber in the presence of dispersion which ultimately limits 

transmission speed as well as distance. Transmission media having such a property are 

termed dispersive media. In addition, an optical pulse passing through the dispersive 

media causes separation of the transmitted pulse into its spectral components which will 

overlap with each other at the output end of the optical fiber. Thus overlapped optical 

pulses at the output of the transmission fiber may not be recovered and hence the 

transmitted information will be lost. Moreover, dispersion is sometimes called chromatic 

dispersion to emphasize its wavelength-dependent nature [6]. Dispersion in an optical 

fiber has two components such as material dispersion and waveguide dispersion. Material 

dispersion comes from the wavelength-dependent refractive index of the material used to 

make optical fibers and it slightly varies from fiber to fiber. Waveguide dispersion on 

another hand comes from wavelength-dependent guiding properties of the optical 

waveguide i.e. the speed of a wave in a waveguide depends on its frequency and can be 

varied significantly by a waveguide design. However, a similar phenomenon is modal 

dispersion, caused by a waveguide having multiple modes at a given frequency, each with 

a different speed. A special case of this is polarization mode dispersion (PMD) which 

comes from a superposition of two modes that travel at different speeds due to random 

imperfections that break the symmetry of the waveguide. 

0 ------------ 
00 Ile 

Pulse Spectral separation due to transmission Dispersed pulse 

Fig. 2.4 Dispersion phenomena in an optical fiber. 
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2.6.2 Birefringence 

Birefringence is the optical property of a material having a refractive index that depends 

on the polarization and propagation direction of light. These optically anisotropic 

materials are said to be birefringent. When a ray of light is incident upon a birefringent 

fiber, it is split by polarization into two orthogonal polarization modes (x-polarization 

mode and y-polarization mode) which will travel at a different speed due to the slight 

difference in refractive index between the two orthogonal modes. Hence, birefringence is 

often quantified as the maximum difference of refractive indices between two orthogonal 

polarization modes exhibited by the fiber. Birefringent photonic crystal fiber (PCF) can be 

achieved by having asymmetric core. This increases the effective index difference 

between the two orthogonal polarization modes. When, in a fiber, symmetry breaking part 

is added intentionally so that the birefringence is no longer governed by the random core 

size and shapc, it is called a polarization maintain (PM) fiber. In such a case, intentionally 

introduced birefringence weakens the random polarization effect thus maintain a single 

polarization. The typical value of birefringence is of the order iO for conventional PM 

fibers. PM fibers can have polarization beat lengths of a few centimeters or even only a 

few millimeters. A fiber having short beat length exhibits strong birefringence and even 

sub-millimeter beat lengths are possible with some PCFs showing strong birefringence 

than that of conventional PM fibers [7]. PM fibers are used in special applications 

including sensing application. 

2.6.3 Confinement loss 

Confinement loss may be defined as the leakage due to the similar refractive index 

between core and cladding. It is a phenomenon whereby part of the guided light penetrated 

to the cladding region causing signal degradation. Similar to the conventional fibers, PCF 

guides light based on the TIR mechanism. However PCF supports three kinds of modes 

such as the guided mode, radiation mode and leaky mode [8]. Among these modes 

confinement loss is treated as the loss of leaky modes. In PCF, the core and the cladding 

effective indexes are the same except that there are a finite number of air-holes in the 

cladding. If the confinement loss is higher, then signal will be degraded through the fiber. 

Actually air-holes in the cladding region limit the optical field penetration in the cladding 

region. There will be no confinement loss in PCFs if there is infinite number of air-holes 

in the cladding region [9]. This loss depends on the size of the core, air-hole dimension, 
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pitch, and number of rings in the cladding. Fig. 2.5 illustrates confinement losses in PCFs. 

It shows that the guiding light is penetrating to the cladding region through air-holes. 

Leakage I 

Air-

J holes 

Fig. 2.5 Confinement losses in index-guiding PCF. 

2.6.4 Mode field diameter and effective area 

In fiber optics, the mode field diameter (MFD) is an expression of distribution of the 

irradiance that is the optical power per unit area across the end face of a single-mode fiber. 

The most popular model used in single mode fibers for the beam intensity is a Gaussian 

distribution [1, 10-11]. For a Gaussian intensity distribution in a single-mode optical fiber, 

effective area is the area where the beam intensity drops to 13.5% of the maximum value 

and the diameter of which is called the mode field diameter (MFD) and can be calculated 

directly from the electric field distribution by using the Petermann-II definition [12]. 

r 

I 

 QZ 
Fig. 2.6 Gaussian intensity distribution in a single-mode optical fiber. 
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2.6.5 Single mode or multimode response 

Conventional fibers can operate single-mode or multi-mode depending mostly on the 

dimension of the core. PCFs, on the other hand, can be designed for endlessly single-mode 

operation by proper choice of air-hole dimension and pitches. For a uniform cladding, 

PCFs show endlessly single mode response as long as the d/A ratio remains within a 0.45, 

above the value may result in either single-mode or multimode operation. Using the V 

parameter of PCFs, it is possible to determine the single mode response. 

2.7 Applications of PCF 

Since, PCF provides new or improved features, beyond what conventional optical fiber 

offers, they are finding an increasing number of applications in both the linear and the 

nonlinear regimes. Solid core PCF or IG-PCF can be used to meet certain requirement of 

the present day optical communication system such as high birefringence, ultrahigh 

nonlinearities, tailoring dispersion, and LMA fibers. For example, birefringent fibers are 

used to maintain the polarization states in optical devices and subsystems. Thus by slightly 

changing the air-hole geometry, it is possible to produce levels of birefringence that 

exceed the performance of conventional birefringent fiber by an order of magnitude. 

Therefore, highly birefringent PCFs are being used in different types of sensors including 

remote environmental sensors and bio-sensors [13]. On the other hand, dispersion which is 

a crucial factor of telecommunication system can be changed and controlled largely with 

the PCF than conventional fiber. Thus, PCF with large negative dispersion are suitable for 

dispersion compensation while LMA-PCFs are suitable for telecommunications and high 

power application [14]. HNL-PCF and near zero dispersion flat PCF are being used in 

optical parametric amplification, all optical signal processing, soliton pulsed systems, and 

supercontinuum generation [15]. Furthermore, PCFs are becoming suitable for many other 

applications in present day optical systems and they are equally potential for future all 

optical systems. 

2.8 Conclusion 

To investigate the properties of PCF as broadband dispersion compensator, some 

preliminary concepts of PCF has been discussed in brief including PCF construction, 

refractive index profile, light guiding mechanism of PCF, types of PCF and difference 

between conventional optical fiber and PCF. In addition, some guiding properties of PCF 
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have been discussed in details including chromatic dispersion, effective mode area, 

confinement loss, birefringence, and single and multi-mode response. Finally, application 

of PCF has been presented. 
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CHAPTER III 

Numerical Modeling and Analysis of DC-PCFs 

3.1 Introduction 

This chapter presents different modeling methods and necessary equations for the 

numerical computation of PCF's modal properties. Numerical modeling plays a vital role 

for theoretical studies of PCF because of the complex nature of the electromagnetic waves. 

However, various wave guiding structures that utilize the arrangement of microstructured 

holes [1] or thin layers [2] have been realized due to the introduction of PCF. The varieties 

of hole shapes and their arrangements in PCF demand the use of numerical methods that 

can handle arbitrary cross-sectional shapes to analyze guiding properties of the PCF 

precisely. Besides, the existence of interfaces with high refractive index-contrast between 

the solid host material and air holes calls for the use of the vectorial wave equations to 

accurately model the PCF structure. 

3.2 Existing numerical methods 

Optical signal is a form of electromagnetic wave which has electric and magnetic fields 

that are orthogonal to each other. However, the wave equations in fiber-optics are based 

on Maxwell's equations. Various computational methods individually or in combination 

used to solve wave equations. Several methods such as plane wave expansion method 

(PWEM) [3] suitable for periodic structures, localized function method (LFM) [4], beam 

propagation method (BPM) [5], boundary element method (BEM) [6], and finite-

difference method (FDM) [7] in time domain [8] or frequency domain [9] has been 

proposed to date for numerical design tools. Specifically, a highly accurate semi-analytical 

multi-pole method (MPM) suitable for predicting leakage losses of PCFs [10] has been 

developed to model PCF with circular air holes. PWEM assumes an infinite periodic index 

profile and treats the unit cell or super cell by applying the Bloch boundary conditions. 

Such PWEM is adequate for index-guiding PCF with many periodic air holes in the 

cladding. However, the artificial periodic boundary condition and super cell approach are 

not very suitable for many real fiber structures with a finite number of air holes. On the 

other hand, the LFM based on Galerkin method has been widely used for waveguide 

analysis including both scalar and vectorial problems. However, this method generally 
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involves integrations which are computational intensive and the convergence is generally a 

problem. In contrast, the scalar wave analysis methods are not accurate to predict their 

guiding properties of PCF because of high refractive index contrast between the undoped 

silica and air. As a result, a full-vector approach is required to analyze the wave 

propagation properties through the PCF. Among the full vector methods, finite element 

method (FEM) is a powerful numerical tool for waveguide problems which can handle the 

vectorial wave-equation transparently and hence it is suitable for a wave guiding structure 

with high index-contrast. Hence, the FEM is very suitable for handling structures with a 

complicated geometry. Earlier, FEM has been used to successfully investigate of PCF 

dispersion [ii], parametric amplification [12] and nonlinear properties [13]. In addition, 

the complex FEM formulation has been very useful to evaluate the PCF leakage or 

confinement losses due to the finite number of air-hole rings in the cladding lattice [!4J. 

As a result, FEM is expected to be more accurate and appropriate candidate to analyze the 

various properties of PCF structure compared to other existing numerical methods. In this 

thesis, the COMSOL Multiphysics 4.2 software based on the FEM is used for PCF's modal 

computations. 

3.3 Formulation of FEM method 

Dispersion properties of the PCF presented in this thesis have been determined using the 

COMSOL Multiphysics 4.2 software based on FEM. Using FEM, the PCF cross section, 

with the finite number of air holes, is divided into homogeneous subspaces. However, 

these subspaces are triangles that allow a good approximation of the circular structures of 

I'CF. Afterward, each adjacent sub-space is solved using Maxwell's equations. On the 

other hand, the leakage loss of a mode can be represented by the imaginary part of its 

complex propagation constant. To model the leakage, an open boundary condition has to 

be used which produces no reflection at the boundary. The perfectly matched layer (PML) 

are so far the most efficient absorption boundary condition for this purpose by which 

propagation characteristics of leaky modes in PCF as well as even both dispersion and loss 

properties can be accurately evaluated [15, 16]. However, the waveguide is encompassed 

by PML layers followed by a layer of perfect electric conductor (PEC) or zero boundaries. 

The modes leaking out of the fiber will be absorbed efficiently by the PML with very 

small reflections. Using the anisotropic PML, from Maxwell's curl equations, the full 

vectorial equation can be written as [15] 
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(3.1) vx1{s-'vx')_k:n4s]'o  

- 2,r 
E denotes the electric field and k0  = - is the wave number in the vacuum, A being the 

wavelength, neff  is the effective refractive index, [s] is the PML matrix and [sd] is an 

inverse matrix of [s]. Finally, the effective refractive index of PCF is solved from the 

above Maxwell's curl equation. 

3.4 Determination of the modal properties of PCF 

The designed PCF is simulated to find the effective refractive index, fleff  using COMSOL 

Mu!tiphysics 4.2 based on FEM. Once the effective refractive index, fleff  is obtained, the 

modal properties of the PCF such as chromatic dispersion, dispersion slope and relative 

dispersion slope (RDS), effective dispersion, confinement loss, birefringence, effective 

area and effective V-parameter can be easily calculated using the following equations. 

3.4.1 Chromatic dispersion 

The chromatic dispersion D(2) of the PCF is calculated from the following differential 

equation formulated in [17]. 

id2Re[n 

c d2

ef 11 
D(%) = 

-- 2 
ps/(nm.km) (3.2) 

In above equation, Re[nff  ,] is the real part of effective refractive index n, X is the 

wavelength, c is the velocity of light in vacuum. The total dispersion D(%) is algebraic 

summation of material dispersion and waveguide dispersion. Thus, the material dispersion 

is calculated from the three term Sellmeier equation and is directly included in the FEM 

calculation process. However, it is mostly determined by the wavelength dependence 

property of the fiber material. Moreover, the waveguide dispersion strongly depends on 

the silica-air structure itself [18] and can be altered significantly by modulating some 

parameters like geometry of the air holes, pitch, and air-hole diameters. Hence, the 

chromatic dispersion D(2) of PCFs is related to those additional design parameters and by 

optimizing these parameters, suitable guiding properties can be achieved for dispersion 

compensation of SMF. 
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3.4.2 Dispersion slope and RDS 

The dispersion slope (DS) of the PCF can be determined by differentiating the dispersion, 

D(2) with respect to wavelength, X whereas the RDS is found by taking the ratio of DS to 

dispersion. The equations of DS and RDS is given as follows [19] 

DS(A) = dDt) ps/(nm2.km) (3.3) 
d2 

RDS = DS(2) 
nm (3.4) 

D(2) 

RDS,,, = RDS= DS
m (Z) = DS, (A.) ) 

(3.5) 
Dm (A) D(2) 

The RDS is used to judge dispersion compensating capability of a DCF over a range of 

wavelengths. Hence, to compensate the accumulated dispersion of the SMFs over a range 

of wavelength, the condition of Eq. (3.5) must be satisfied where RDS,,,, and 

RDS represents the RDS of SMF and DCF respectively. Once the RDS of the DCF is 

close to that of the SMF, the design of the broadband DCF will be accomplished. 

However, the RDS of SMF is 0.0036 nm at 1550 nm. 

3.4.3 Effective dispersion 

If a fiber link consists of transmission fiber mainly SMF of length L. with the dispersion 

of Dm(2)and  a DCF of length, L,, with the dispersion of D(2), then the effective 

dispersion, D().)  on the fiber link after compensating the SMF of Iength,Lcan be 

calculated using the following equation [19]. 

D = Dm (2)Lm  +D,1(2)L 
ps/(nm.km) (3.6) 

Lm +Ln  

It should be mentioned here that the effective dispersion of DCF should be lower that 

± 0.8ps/(nm.km) to deploy in high bit rate transmission system [17, 19]. 

3.4.4 Confinement loss 

Confinement loss indicates light confinement ability of the optical fiber within its core 

region. In PCF, confinement of light within the core region increases appreciably with the 

increase of number of air-hole rings and subsequently the confinement loss is reduced. On 

the other hand, there is a design freedom in PCF to choose the suitable number of air-hole 
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rings to keep the confinement loss within the desired value. However, the confinement 

loss in dB/m can be defined as [19] 

L =8.686x 
2,r 
— xlm[neñ ] (3.7) 
2 

where Im[neff]  represents the imaginary part of the wavelength dependent refractive 

index and ? is the wavelength in the free space. The complex refractive index of 

fundamental mode can also be found by FEM. 

3.4.5 Birefringence 

In PCF, the birefringence properties are imperative for polarization maintaining 

applications. PCF with polarization maintaining (PM) properties are essential in 

applications such as in eliminating the effect of polarization mode dispersion (PMD) and 

in stabilizing the operation of optical devices, and can also be used in sensing applications. 

The birefringence is defined as [19] 

(3.8) 

Where, n, and n are the mode indices of the two orthogonal polarization fundamental 

modes. It should be pointed out that, the conventional PM fiber exhibits a modal 

birefringence of about 5 x 1O and is insufficient to eliminate the effect of PMD. Hence, 

birefringence of the DCF should be higher to eliminate the PMD of SMF. However, the 

birefringence of the PCF can be increased significantly by breaking the symmetry of the 

PCF core [19]. 

3.4.6 Effective area 

The effective area A ff in  j.tm2  of the proposed PCF is obtained from [17] and is given by 

A 
_(sIEJ2y)2 

eff 
- fflEf4dxdy 

(3.9) 

where E is the electric field vectors in the medium. 

3.4.7 Single and multimode response 

Properties of standard fibers are often parameterized by the so-called V-parameter. Such 

V-parameter helps to determine whether a fiber is single or multimode fiber. However, the 

tradition of determining single and multimode response from V parameter stems from 
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analysis of the step-index fiber (SIF). In contrast, due to the constructional difference 

between SIF and PCF, the equation to find the V parameter should be different from that 

of SIF and the equation of effective V parameter is given by [20] 

V ff  k
AF ,ff (3.10) 

i i where k0  = 
2ir i 
- s the wave number n the vacuum, F s the air-filling fraction, A is the 

pitch, n is the effective index, and n0  is the refractive index of the air. However, the 

single-mode regime is characterized by Veff  <it [21]. Once the normalized effective V 

parameter is obtained as Veff  <it for certain wavelength bands, then the fiber will act as a 

single mode fiber (SMF) over that wavelength bands. 

3.5 Conclusion 

As a part of numerical modeling of PCF, several existing modeling methods of PCF have 

been discussed in brief. Presently, FEM has been extensively used to model the PCF 

which has been discussed in this thesis. In this thesis COMSOL Multiphysics 4.2 software 

based on FEM has been used to model PCF. Finally, some equations for numerical 

computations have been presented to investigate the properties of PCF as broadband 

dispersion compensator. 
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C-IAPTER FV 

Design and Characterization of Broadband DC-PCF 

4.1 Introduction 

This chapter demonstrates the design methodology of broadband DCF using PCF and 

hence, describes the performance of the designed DCF as a dispersion compensator to 

compensate the accumulated dispersion of transmission fiber. This chapter also presents 

the condition of broadband dispersion and dispersion slope compensation. Firstly, C-PCF 

is designed to achieve the goal of broadband dispersion compensation of SMFs. However, 

simulation results reveal that although C-PCF gives high negative dispersion over a wide 

band but the birefringence is not enough high as to compensate the PMD. As a result, M-

CPCF has been designed to achieve a large value of birefringence which leads to PMD 

compensation. Moreover, simulation results show that it is possible to use M-CPCF to 

compensate both chromatic dispersion and PMD. In addition, M-OFCF has heen designed 

and simulated to observe the performance as dispersion compensator. Finally, a 

comparison has been made to show the performance of the designed DC-PCFs. 

4.2 Requirements for broadband dispersion and dispersion slope compensation 

Dispersion compensation is a technique to nullify the positive dispersion caused by the 

standard SMFs. It is usually done using DCF which shows negative dispersion 

characteristics than that of SMFs so as to achieve signal with zero dispersor t the output 

of transmission fiber. However, the use of negative-slope DCFs offer the simplest solution 

to dispersion compensation in high capacity WDM systems with a large number of 

channels. The equation of broadband dispersion compensation is given by [I] 

Dm(2n)Lm+Dn(2n)L n=Di (4.1) 

where Dm (An )and D(A)are dispersion coefficient of SMF and DCF whereA,is 

wavelength of nih  channel, Lrn  and L.  are the length of SMF and DCF respectively. For full 

compensation of the dispersion caused by SMF, the length of the DCF is selected such that 

totaJ dispersion coefficient D,=O after dispersion compensation. Under this condition, the 

length of DCF will be as follows 
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= - 
Drn L (4.2) 

The equation clearly shows that the length of DCF will be short only for high negative 

value of D,1 . On the other hand, dispersion compensation over a wide range of wavelength 

requires dispersion and dispersion slope compensation at the same time for broadband 

communication system. Hence, the total dispersion slope DS, is given as follows [2] 

DS1  = DSm Lnz  + DS5 L5 (4.3) 

where DSm  DS,3  are the dispersion slopes of the SMF and the DCF respectively. From 

Eq. (4.3), it is obvious that a negative dispersion slope of the DCF is necessary in order to 

achieve slope compensation. Thus, the condition for full slope compensation is that the 

relative dispersion slope (RDS), which is the ratio of dispersion slope to dispersion, of 

both fibers would have to be equal 

RDS11J  = RDS,, (4.4) 

where RDS. and RDS,, are the relative dispersion slope of the standard SMF and the DCF. 

It should be pointed out that standard SMF exhibits RDS value of about 0.0036 nm at 

X=1.55 j.tm [2]. Once the RDS value of DCF is close to that of the SMF, the design of the 

broadband DCF is achieved. 

4.3 Proposed DC-PCF models 

In order to achieve the goals, we have modeled three DC-PCF structures for broadband 

dispersion compensation namely C-PCF [19], M-CPCF and M-OPCF [20]. C-PCF is 

designed with only circular air holes of different sizes for different air hole rings. 

However, it gives a good dispersion compensating properties but birefringence is not so 

high. To enhance the birefringence property of C-PCF, M-CPCF is offered which consists 

of both circular and elliptical air holes. Finally, M-OPCF is modeled with circular air 

holes in the cladding. 

4.3.1 Structure of C-PCF 

Fig. 4.1 represents air-hole distribution of the proposed dispersion compensating C-PCF. 

The proposed C-PCF contains five air-hole rings. Air hole 10 signifies 1st  air hole of jst  air 

hole ring. Similarly, air hole 20, 30, 40 and 50 represent jst  air hole of 3rd 4'  and 5"  

air hole ring respectively. 
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Fig. 4.1 Structure of the proposed C-PCF for broadband dispersion compensation. 

The air-holes on the 1St  ring are rotated at an angle of 600  from the center of the core while 

air-holes on the 2 nd  to 5th  rings are rotated at an angle of 450, 300,  150, and 7•50 

respectively. However, the number of air-holes of the proposed structure for rings 1, 2, 3, 

4 and 5 are respectively 6, 8, 12, 24 and 48. The air hole diameter of 1st  and 4th  ring is d1  

while air-hole diamcter of the 21, 3rd and 5t1i  ring is selected as d2, d3  and d4. The distance 

between the neighboring air holes of two adjacent air hole rings denoted as pitch and it is 

represented byA. For example, air hole 10 is neighbor of air hole 20 and thus the center to 

center distance between these two air holes is A whereas distance between other air holes 

is a function of A. However, the position of the air holes is designed with taking into 

account the center of the core of the proposed PCF as origin of cartesian coordinate 

system. Then, the position of air holes, (XNfl, '(Nn)  in each ring will be determined as 

follows where N denotes the number of rings and n represents the total number of air holes 

in that ring. For instance, the position of air holes in 1t  ring (Nl) can be designed using 

the following equation. In this case, the total number of air holes in the 1st ring, n would be 

6wheren0, l,2....5. 
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(XN, YNV )=: (Nx A x cos ( 
nr  
-), Nx A x sin (-)) (4.5) 

Similarly, the position of all air holes in 2 d  (N=2, n=8 where n0, 1, 2....7), P (N=3 

n12 where n0, 1, 2....11), 4th  (N4, n=24 where n0, 1, 2....23), and 5th  (N=5, n=48 

where n0, 1, 2.. ..47) rings can be determined using the following equations 

(XNn, YNn) (Nx A xcos (--), Nx A xsin ( 
n71.
-)) (4.6) 

(XN, YNn)' (Nx A xcos (--), Nx A xsin ( 
fliT
-)) (4.7) 

(XNn, YN)= (Nx A xcos (!) Nx A xsin ( 
fliT  

-j--)) (4.8) 

(XNn, YNn)  (Nx A xcos ( 
nil.  
-) Nx A xsin (

fliT 
-)) (4.9) 

24' 24 

However, the size (radius) of air holes of 1St  to 5 1h  rings can be determined using the 

normalized diameter, DN,  the ratio of air hole diameter, dN to pitch, A. 

Radius of the air holes, r = DN  x (4.10) 

where DN is the normalized diameter of air holes of all rings where N=, 2.. ..5 and 9N 

varies from one air hole ring to another. On the other hand, the material of proposed C-

PCF is taken to be silica except the air holes whose refractive index is 1. Thus, the 

effective refractive index, neff of the material is changed with operating wavelength. 

However, the wavelength dependent refractive index of the material is determined by 

Sellmeier equation [2]. 

4.3.2 Structure of M-CPCF 

Fig. 4.2 represents the air hole arrangement of M-CPCF with optimized air-hole diameters 

d1 , d2, d3, pitch , A and ellipticity, i. However, the construction of the M-CPCF for 

broadband dispersion compensation is mostly identical with C-PCF except these elliptical 

air holes which have been used to enhance the dispersion compensating capability. 

Moreover, the proposed structure has two circular air-holes missing in the first ring and 

replaced by two elliptical air holes. It is expected that the birefringence of the proposed M-

CPCF would be increased appreciably. 
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Fig. 4.2 Structure of the proposed M-CPCF for broadband dispersion compensation. 

4.3.3 Structure of M-OPCF 
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Fig. 4.3 Structure of the proposed M-OPCF br broadbend dispersion compensation. 
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Fig. 4.3 shows the mcdel of the prorioscd  M-OPCF with optized air-hole diameters d1 , 

d2, d3, pitch A, a:id 1iipticfty . In contrast to conventional M-O?CF, the proposed 

structure has two air-holes missing in the first ring (the dotted circle). Pitch A is related to 

A1  by the relation A1  0.765A. The designed octagonal PCF has isosceles triangular unit 

lattices and hence more air-holes in the cladding region with the same numbers of rings 

than hexagonal PCF. This results in a higher air-filling ratio and a lower refractive index 

around the core, thereby providing strong confinement ability. We have also added two 

extra elliptical air-holes adjacent to the core to achieve high birefringence property. It is 

known that the size of the air-holes near the PCF core affects the dispersion characteristics 

[3]. However, a generalized equation to accommodate the air holes on an octagonal 

structure can be given as 

(XN, YNn) (Nx A x cos 0,, , Nx A x sin0) (4.11) 

where 0,, represents the angle of rotation of air holes, N represents the total number of 

rings in the structure, A represents the pitch and n represents the number of air holes in a 

air hole ring where n0.I.2.3 ......... (8N-l) and N=1 ... 5. For example, in 1st  ring, the 

number of air holes would be 8 and number of air holes in 2', 3rd 4th and 51h  rings will be 

16, 24, 32 and 40 respectively. Moreover the angle of rotation, 0,, for each air hole can be 

determined as 

" 4N 
(4.12) 

For example, the angle of rotation of 10 air hole of first ring (N1) will be 00, whereas the 

angle of rotation of air holes from 11 to 17 (anticlockwise) will be-f, 

2T3ff 5ff67r 71r 
—,--,,r,—,—and —respectively. Furthermore, the radius of the air holes can be 
24 44 4 

determined as same as the C-PCF using the Eq. (4.10). 

4.4 Numerical smt!ation using COMSOL Mc!tipysics 4.2 

COMSOL Multiphysics (formerly FEMLAI3) 4.2 is a versatile simulation software based 

on FEM. It is a flexible platform that allows even novice users to model all relevant 

physical aspects of their designs. COMSOL Multiphysics also offers an extensive 

interface to MATLAB. Simulation of a DC-PCF model using COMSOL Multiphysics 4.2 

software requires a high configuration computer. In this thesis, all simulations are 



performed with a notebook of HP brand (ProBook 4440s). The detail configuration of 

used notebook is as follows 

Table 2: Configuration of notebook 

Processor Intel core 15, 3230M CPU@2.60GHz 

RAM (Installed) 8GB 

OS Windows 7, 64 bit 

Cache memory RAM, 

(built into the processor) 
3 MB 

4.4.1 Simulation results of C-PCF 

Fig. 4.4 shows the variation of chromatic dispersion against wavelength for the five rings 

C-PC. In our work, all the dispersion curves are presented only for fundamental mode and 

the optimum parameter of the proposed C-PCF is (A1.0, d1 /A =0.95, d2/A=0.81, 

d3/A=0.98, d4/A=0.60). From numerical simulation, it is found that t!'e proposed 

dispersion compensating C-PCF shows large negative dispersion of about -248.65 to - 

1069 ps/(nm.km) for optimum parameter values in the wavelength range 1340-1640 nm 

(270 nm band). In particular, the negative dispersion at 1550 nm is -790.12 ps/(nm.km) 

and increases monotonically with decrease in A over the E to L wavelength bands ranging 

from 1360 to 1625 nm. Thus the proposed fiber can be used to compensate the 

accumulated dispersion of SMF currently deployed in WDM systems as it possesses large 

negative dispersion over a wide range of wavelength. 

cii 

7-7  —20O 

—400 

—6OO 

—800 

1-1000  
-i)nn 

—E— Optimum 
+2% 

—e— +1% 
-0- —1% 

-L /0 

OR  

- 1340 1400 1460 1520 1580 1640 

Wavelength, X [nrn] 

Fig. 4.4 Dispersion properties of C-PCF for fiber's global diameter variation. 
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Fig. 4.5 Dispersion properties of C-PCF: optimum dispersion and effects of changing pitch 
A keeping all d!A constant. 
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Fig. 4.6 Dispersion properties of C-PCF: optimum dispersion and effects of changing d1 . 

Dispersion accuracy of the proposed fiber tr variaton in ptch, A whie keeping al d/A 

constant is shown in Fig. 4.5. It is found that the proposed C-PCF shows abrupt change in 

dispersion which occurs at 2% decrease in A. Figures 4.6, 4.7 and 4.8 show the dispersion 

properties of the proposed C-PCF for changing in diameters d1 , d2  and d3  respectively. It is 

obvious that the shape of dispersion curve is mostly dependent on the first air hole ring 

diameter, d1 . However, there is a little effect of changing outer diameters d2  and d4  on 

dispersion parameter and even variation in dispersion due to tuning d2  and d4  is found 
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Fig. 4.7 Dispersion properties of C-PCF: optimum dispersion and effects of changing d2. 
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Fig. 4.8 Dispersion properties of C-PCF: optimum dispersion and effects of changing d4. 

negligible up to 1550 nm. Still, the negative dispersion coefficient is achieved higher for 

the optimum design parameters and it is significant in the wavelength higher than 1550 nm 

due to the variation of outer diameters d2  and d4. Relative dispersion slope, dispersion 

slope and effective dispersion are presented against wavelength for the proposed five rings 

C-PCF in Figures 4.9- 4.11 respectively. However, the RDS of the proposed fiber shown 

in Fig. 4.9 is obtained 0.0036 nm-1 at 1550 nm wavelength which is perfcctly matched 

with the SMF's RDS. It is observed that the variation in RDS is not significant over the 

entire band of interest which ensures that a small change in A will not affect the dispersion 
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slope compensation. Moreover, the dispersion slope curve possesses negative slope and 

variation in magnitude is less than that of which presented in [1]. Effective dispersion 

after compensating the positive dispersion of 40 km SMF by the proposed C-PCF for 

optimum parameters is shown in Fig. 4.11. it is to be mentioned here that the residual 

dispersion should be lower than ± 0.8 ps/(nm.km) [4] to compensate for a 40 Gbps signal. 

However, the maximum value of effective dispersion in usable bandwidth (1400-1600 nm) 

for the proposed C-PCF after compensating the dispersion of SMF is about ± 0.613  

ps/(nm.km  and particularly at 1550 and 1430 nm, effective dispersion is zero. 
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Fig. 4.9 Effect of changing pitch, A on residual dispersion slope. 
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Fig. 4.10 Dispersion slope of C-PCF showing the effects of changing A. 

38 



5 

I: 
1340 1400 1460 1520 1580 1640 

Wavelength, 2s [nm] 

Fig. 4.11 Variation of effective disersfon against wve!ength of 9 18.4 m !ong oTh:z 

C-PCF to compensate for a 40 km long standard SMFs. 

III10) LII 

0.0006 

0.0004 

r 
ii 

1340 1400 1460 1520 1580 1640 

Wavelength, X [nm] 

Fig. 4.12 Birefringence property of the proposed C-PCF for the optimum design 
parameters: A =1.0, d1 /A 0.95, d2/A=0.81, d3/A=0.98, d4IA=0.60. 

Thus, it is clearly understood that our proposed C-PCF with optimized parameters is 

suitable for systems with high bit rates transmission systems covering entire S- and C-

band effectively and even some portion of the L band. Besides, our proposed C-PCF 

exhibits a modal birefringence of about 7x10 4  at 1550 nm as shown in Fig. 4.12. 

1-lowever, this value of birefringence is not enough to eliminate the effect of PMD. As a 

result, the proposed C-PCF although capable enough to compensate broadband dispersion 
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Fig. 4.14 Variation in the effective refractive index for both x- and y-polarization for the 
optimized C-PCF. 

but still suffers from the PMD in transmission system. in addition, it will not be suitable 

for some other areas where PM properties are essentially required such as sensing 

applications. Chromatic dispersion of both polarization states is shown in Fig. 4.13. 

Effective refractive index of both x- and y-polarization is presented in Fig. 4.14 where the 

insets are electric field distributions at ) = 1550 nm for each polarization state. Fig. 4.15 

represents the effective area of the proposed five rings C-PCF which increases with 

Ar' 
'I 

-$- x-polarization 
-- y-polarization 



wavelength for optimum design parameters and also for fiber's global diameter variation. 

In particular, the effective area at X=1550 nm is 1.574 tm2  for the optimum parameters 

which is higher than that obtained for eight ring DC-MOF [6] but lower than [7]. 

However, low effective area causes splice loss and as a solution, tapered intermediate PCF 

can be used for interfacing between proposed C-PCF and SMF successfully [8]. So, we 

believe that our proposed C-PCF can be interconnected with SMF without any major 

complications. 
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Fig. 4.15 Effective area of the proposed C-PCF for optimum design parameters and also 
for fiber's global diameter variations of order ±1 to ±2% around the optimum value. 
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Fig. 4.17 Variation of effective V-parameter of the proposed C-PCF for optimum design 

parameters. 

Fig. 4.16 describes the wavelength dependence properties of the confinement lOSS of the 

proposed C-PCF. Confinement loss only for optimum parameters is shown for both five 

rings and eight rings. From figure, it is observed that the confinement loss is about 

0.073587 and 1.0637x10 5dB/m at ?=1550 nm for five and eight air-hole rings 

respectively which are the acceptable level for the transmission fiber. It should be noted 

that the numbers of rings mostly control the confinement loss and reduces significantly 

with the increase of rings. However 20, 11, 13 and 9 air hole rings are considered by [9-

10,11,1] to keep the confinement loss below 10 dR/rn to cover S band [1 1], C band [9] 

and wavelength ranging from 1.46 to 1.64 j.tm [1, 10]. Therefore, the design complexity of 

the proposed C-PCF is lower than mentioned above in terms of number of rings used. The 

effective V-parameter, Vff for the proposed C-PCF has been presented in Fig. 4.17 for the 

entire band of interest ranging from 1340-1640 nm wavelengths. However, simulation 

results show that the maximum value of V is 2.3402 at 1340 nm and obviously the 

presented figure satisfies the condition V ff  <it for the entire band of interest. Thus, our 

proposed C-PCF will support only a single mode rather than multimode within that range 

of wavelength. 
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4.4.2 Simulation ruits of M-CPCF 

Fig. 4.18 shows the variation of chromatic dispersion against wavelength of the five rings 

M-CPCF for fundamental mode for optimum design parameters (A1.0, d 1 IA =0.95, 

d2/A=0.70, d3/A =0.60, q=0.22) and also for variation of A. Simulation result also 

reveals that it is possible to obtain large negative dispersion coefficient of -203.8 to - 

835.14 ps/(nm.km) using the oroosed dispersion comoensating M-CPCF for otimun 

parameter values against wavelength ranging from 1340-1640 nm (270 nm band). In 

particular, the negative dispersion at 1550 nm is -643.62 ps!(nm.km) for the five rings M-

CPCF which is less than what obtained at 1550 nm for C-PCF. However, the negative 

dispersion coefficient still increases monotonically with decrease in A and thus possesses 

negative dispersion slope over the entire band of interest providing good dispersion 

compensating ability. Thus, the proposed fiber can be used to compensate accumulated 

dispersion of SMF currently deployed in WDM systems as it possesses large negative 

dispersion over a wide range of wavelength. Dispersion properties of the proposed M-

CPCF for tuning only Akeeping all d/Aconstant has been shown in Fig. 4.19. It is 

observed clearly that the negative dispersion coefficient increases smoothly with decrease 

in A without any abrupt change in dispersion coefficient which provides better dispersion 

accuracy. Figures 4.20-4.22 illustrate the dispersion accuracy of the proposed M-CPCF 

against wavelength for varying air hole diameters. Dispersion accuracy with the variation 

of air hole diameter, d1  has been shown in Fig. 4.20. It is found that the negative 

dispersion coefficient is increased with increase in d. 
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Fig. 4.18 Dispersion properties of M-CPCF for fiber's global diameter variation. 
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Fig. 4.19 Dispersion properties of M-CPCF: optimum dispersion and effects of changing 
pitch A keeping all d/A constant. 
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Fig. 4.20 Dispersion properties of M-CPCF: optimum dispersion and effects of tuning, d. 

However, the change in negative dispersion coefficient for tuning the diameters d2  and d3  

are shown in Fig. 4.21 and 4.22 respectively. The change in negative dispersion from 

optimum value is not significant due to the variation of d2  and remains almost same due to 

changing d3  over the wavelength band ranging from 1340-1640 nm. Hence air hole 

diameter, d1  mostly controls the negative dispersion coefficient. Fig. 4.23 shows the 

residual dispersion slope of the proposed M-CPCF for optimum parameters and due to the 
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Fig. 4.21 Dispersion properties of M-CPCF: optimum dispersion and effects of tuning, d2. 
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Fig. 4.22 Dispersion properties of M-CPCF: optimum dispersion and effects of tuning, d3. 

variation of pitch, A. For optimum design parameters, the relative dispersion slope of the 

proposed M-CPCF is exactly equal to the relative dispersion slope of SMF of about 0.0036 

nm-1 at 1550 nm wavelength. Thus, the requirement of slope compensation is fulfilled. 

However, relative dispersion slope increases smoothly with increase in Abut deviation 

from the optimum value is not noteworthy. The dispersion slope of the proposed M-CPCF 

has been illustrated in Fig. 4.24. It is clearly Observed  fom the figure that it oossesses the 

negative dispersion slope over the wavelength band ranging frcm 1340 to 1640 nm and 

thus complies with the requirement of broadband dispersion compensation. Moreover, the 
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variation in dispersion slope is low and even negligible particularly at 1580 nm 

wavelength. Fig. 4.25 shows the variation of effective dispersion against wavelength of 

1.15 km long optimized M-CPCF to compensate for a 40 km long standard SMFs. 

However, the effective dispersion of the proposed M-CPCF is zero at 1430 and 1550 nm 

respectively and it is within ±0.8ps/(nm.km) form 1360 to 1640 nm. Thus, it is seen that 

the optimized M-CPCF is capable of compensating dispersion over E ot L 
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Fig. 4.23 Effect of pitch, Aon residual dispersion slope of the proposed M-CPCF. 
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Fig. 4.24 Dispersion slope of M-CPCF showing the effects of A. 
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Fig. 4.25 Variation of effective dispersion against wavelength of 1.15 km long optimized 

M-CPCF to compensate for a 40 km long standard SMFs. 
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Fig. 4.26 Birefringence property of the proposed M-CPCF for the optimum design 

parameters: A = 1.0, d1 / A 0.95, d2/ A 0.70, d3/ A =0.60, 1=0.22. 

telecommunication band ranging from 1360 to 1620 nm and expected to compensate the 

dispersion up to U band (1675 nm) caused by standard SMFs. The birefringence property 

of the proposed M-CPCF has been presented in Fig. 4.26 which shows high birefringence 

of about 2.2x10 2  at 1550 nm and increases with wavelength. Hence, the beat length of the 

proposed fiber will be small which will maintain a single polarization state thus eliminates 

the effect of PMD. Fig. 4.27 illustrates the effective refractive index of the two orthogonal 
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Fig. 4.27 Wavelength dependent response of effective refractive index of the proposed M-
CPCF for both x- and y-polarization for the optimum design parameters. 
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Fig. 4.28 Wavelength response of chromatic dispersion of the proposed M-CPCF for both 
x- and y-polarization for the optimum design parameters. 

polarization axis which shows a significant difference in refractive index between these 

two orthogonal axis. Moreover, the insets represent the electric field distributions at ? = 

1550 nm for each polarization state. However, wavelength dependence chromatic 

dispersion for two orthogonal polarization states is shown in Fig. 4.28. It is clearly shows 

that the difference in chromatic dispersion is high and increasing with increase in 

wavelength. Hence, it is expected that the proposed fiber will have the polarization 
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Fig. 4.29 Effective area of the proposed M-CPCF for optimum design parameters and also 

for fiber's global diameter variations of order ±1 to ±2% around the optimum value. 
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Fig. 4.30 Confinement loss of the proposed M-CPCF for the optimum parameters and also 
for fiber's global diameter variations of order ±1 to ±2% around the optimum value. 

maintaining capability and will maintain a single polarization state. Fig 4.29 shows the 

variation of effective area with wavelength for optimum parameters and fiber's global 

diameter variation up to ±2%. The effective area of-the roosed flbcr is about 2.05 u.m2  at 

1550 nm wavelength, however, the efectve area IS Increasing with increase in 

wavelength and A. Moreover, the effective area of the M-CPCF is not even enough but 

still greater than that obtained for the C-PCF. Fig. 4.30 shows the confinement of the 
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Fig. 4.31 Variation of effective V-parameter for the optimized M-CPCF. 

proposed M-CPCF. It is observed from the figure that the confinement loss is increased 

due to increasing the pitch, A. The effective V-parameter has been shown in Fig. 4.31. 

From the figure, it is clear that all values of Veff  <it and thus the proposed M-CPCF will 

only support single mode rather multimode. 

4.4.3 Simulation results of M-OPCF 

Fig. 4.32 shows wavelength response of chromatic dispersion of the proposed M-OPCF 

for optimum design parameters (d1 /A= 0.73, d/A= 0.53, d3/A= 0.70, and r= 0.307) and 

the fiber's global diameter variation up to ±2% from the optimum value. It can be seen 

that for the optimized set of parameters and air-hole configurations (i.  A, d1 , d2, and d3), 

a large negative dispersion coefficient of about —470 to —850 ps/(nm.km) can be obtained 

which is monotonically increases over S to L-bands wavelength ranging from 1460 to 

1625 nm and consequently possesses negative dispersion slope, providing fine dispersion 

compensation. Fig. 4.33 illustrates the effect of changing the pitch, A on dispersion, while 

the rest of the geometrical parameters are kept constant. This figure ensures that design 

accuracy of the fiber up to ±1% change in the pitch is within ±53 ps/nm/km maintaining 

desired dispersion characteristics. From the above results, it is clear that a large negative 

dispersion is obtained and the dispersion value of the proposed M-OPCF at 1550 nm 

wavelength is about —672 ps/nm/km which is higher than [4] and far exceeding the 
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Fig. 4.32 Dispersion properties of M-OPCF: optimum dispersion and dispersion due to 
fiber's global diameter variation. 
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Fig. 4.33 Dispersion properties of M-OPCF: optimum dispersion and effects of changing 
pitch A keeping all d/A constant. 

dispersion values of conventional dispersion compensating fibers which is typically —100 

ps/(nm.km) [12]. We have also checked the dispersion accuracy of the proposed fiber 

because in a standard fiber draw, ±2% variations in fiber global diameter may occur [13] 

during the fabrication process. Therefore, roughly an accuracy of ±2% may require 

ensuring dispersion tolerance [1 41. To accot for ts structura1 da'ieter of 
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first and second air-ole ring, d1  is varied up to ±2% from their optimum values while 

keeping other fiber parameters fixed. Fig. 4.34 shows the effect of variation of air-hole 

diameter, d1  on dispersion curve. It can be examined that the dispersion shifts to downlup 

direction with increase/decrease in the d1 . It is found that the proposed M-OPCF maintains 

dispersion within a ±50 ps/(nm.km) for variations of d up to ±2% at 1550 nm. Therefore, 

it can be concluded that ±2% change d1  doesn't affect the performances of the device 

drastically. 
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Fig. 4.34 Dispersion properties of M-OPCF: optimum dispersion and effects of tuning, d1 . 
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Fig. 4.35 Dispersion properties of M-OPCF: optimum dispersion and effects of tuning, d2. 
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Fig. 4.36 Dispersion properties of M-OPCF: optimum dispersion and effects of tuning, d3. 
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Fig. 4.37 Effect of pitch, Aon residual dispersion slope of the proposed M-OPCF. 

As a next step, we have analyzed the effect of changing d2  on dispersion behavior. Fig. 

4.35 shows the effect of changing the third air-hole ring diameter, d2  on dispersion, while 

the rest of the geometrical parameters are kept constant. This figure ensures that design 

accuracy of the fTher up to ±1% change i the itch is wit ±14 ps/nm/km 

desired dispersion characteristics. Next, we have also checked the impact of d3  on 

dispersion. Fig. 4.36 shows the effect of changing the fourth and filTh air-hole ring 

diameter, d3  on dispersion, while the rest of the geometrical parameters are kept constant. 

This figure ensures that design accuracy of the fiber up to ±1% change in pitch is within 
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Fig. 4.38 Effect of pitch, Aon dispersion slope of the proposed M-OPCF. 
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Fig. 4.39 Variation of effective dispersion against wavelength of 1.10 km long optimized 

M-OPCF to compensate for a 40 km long standard SMFs. 

±20 ps/nm/km maintaining desired dispersion characteristics. Relative dispersion slope 

curve has been presented in Fig. 4.37. For optimum design parameter, the relative 

dispersion slope of the proposed M-OPCIP is exactiy equal to the relative dispersion slope 

of SMF of about 0.0036 nm at 1550 nm wavelength. Thus, the requirement of slope 

coinpensation is satisfied. However, relative dispersion slope increases smoothly with 

increase in A but deviation from the optimum value is not noteworthy. The dispersion 

slope of the proposed M-OPCF has been 
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Fig. 4.40 Birefringence property of the proposed M-OPCF for the optimum design 
parameters: d1 /A= 0.73, d2/A= 0.53, d3/A 0.70, and r 0.307. 
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Fig. 4.41 Wavelength dependent response of effective refractive index of the proposed M-
OPCF for both x- and y-polarization for the optimum design parameters. 

illustrated in Fig. 4.38. It is clearly observed from the figure that it possesses the negative 

dispersion slope over the wavelength band ranging from 1340 to 1640 nm and thus 

complies with the requirement of broadband dispersion compensation. Fig. 4.39 

corresponds effective dispersion obtained after the dispersion compensation by 1.10 km 

long M-OPCF for the dispersion accumulated in one span (40 km) of SMF for the 

optimum design parameters. From the figure, effective dispersion is found within ±0.6 
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ps/(nm.km) range and thus, it is clearly proved that our proposed M-OPCF with optimized 

parameters is suitable for syetems  with high bit rates 40Gb/s covering S to L 

communication bands. Fig. 4.40 shows the wavelength response of birefringence property 

for the optimum design parameters. The optimum design parameters give a value of 

birefringence of 2.53x10 2  at 1550 nm wavelength which is a very high value, two orders 

of magnitude higher than that of conventional PM fibers [15]. In this case, the 

corresponding beat length is 0.06 1mm at 1550 nm wavelength which is lower than [4, 16]. 

This shows that the proposed M-OPCF is highly birefringent. Also, a high birefringence 

fiber could be very useful in a polarization maintaining transmission system [17] and can 

be used to eliminate the effect of PMD in transmission systems. Therefore, the proposed 

M-OPCF could be a potential candidate for optical fiber sensing and polarization 

maintaining transmission system. Fig. 4.41 shows effective refractive indices for the 

orthogonal axis of the proposed M-OPCF with their respective fundamental electric field 

properties at ? = 1550 nm. It is found that the effective refractive index of the y-

polarization is higher than that of the x-polarization. However, the difference in refractive 

index provides a high birefringence on the order of I 02.  The asymmetrical design of the 

core of the proposed M-OPCF causes a considerable increase in linear birefringence 

properties, which is suitable for PM applications. 
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Fig. 4.42 Wavelength response of c!romac d srson of t'e propos. M-OPCF for both 
x- and y-polarization for the optimum design parameters. 
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Fig. 4.43 Effective area of the proposed M-OPCF for optimum design parameters and also 

for fiber's global diameter variations of order ±1 to ±2% around the optimum value. 

PCFs with PM properties are enviable in many applications [18]. However, conventional 

PM fibers show a modal birefringence of about 5 x  0. Fig. 4.42 shows wavelength 

response of chromatic dispersion of the proposed M-OPCF for optimum design 

parameters. Optimizing the parameters i,  A, d1 , d2  and d3  negative dispersion coefficient 

of —672.24 ps/(nm.km) and —183 ps/(nm.km) are obtained at 1550 nm for x-polarized 

and y-polarized mode respectively. A larger value of air-hole diameter, d1  is chosen for 

better field confinement, while the air-hole diameter, d2  is chosen smaller to shape the 

dispersion slope. Fig. 4.43 corresponds to variation of effective area for global diameter 

variations of order ±1 to ±2% along with the optimum design parameters. It can be clearly 

seen that effective area is 3.51 g.tm2  at 1550 nm for the optimum design parameters. It 

changes about ±0.06 .tm2  for ±2% change in parameters. Therefore, it can be concluded 

that the tolerances of ±2% in the global diameter variations don't affect the performance 

of effective area. However, wavelength dependence of fiber's confinement loss for 

optimum design parameters and also for fiber's global diameter variations of order ±1 to 

±2% has been shown in Fig. 4.44. Note that the loss is increasing smoothly with the 

wavelength and there is no evidence of abrupt change in leakage. In particular, 

confinement loss at 1550 nm is less than 10' dB/m considering five air-hole rings. It is 

also evident from Fig. 4.44 that changes in design parameters up to ±2% have an 

insignificant effect on the confinemcr.t osses. The e'fective V-nar'.c 's ee 
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in Fig. 4.45. It is obvious from the figure that the proposed M-OPCF will only support 

single mode rather multimode as <it over the wav&ength band ranging from 1340 to 
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Fig. 4.44 Confinement loss of the proposed M-OPCF for the optimum parameters and also 
for fiber's global diameter variations of order ±1 to ±2% around the optimum value. 
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Fig. 4.45 Variation of effective V-parameter for the optimized M-OPCF. 
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4.5 Comparison between proposed DC-PCFs and some other DC-PCFs 

Finally, a comparison is made between properties of the proposed PCFs for broadband 

dispersion compensation and some other PCFs designed for the same. The comparison 

between these fibers are presented in Table 2 which takes into account the magnitude of 

negative dispersion, birefringence, effective area, the length of dispersion compensating 

fiber to compensate the accumulated dispersion of the SMF and the number of design 

parameters (NDP). The magnitude of negative dispersion of the proposed DC-PCFs 

exhibit higher value that those presented. However, the C-PCF shows higher than that of 

other proposed DC-PCFs and hence it requires small length of DCF to compensate the 

accumulated dispersion of SMF but the birefringence is not enough. As a result, it will not 

be an appropriate candidate to compensate chromatic dispersion and PMD at the same 

time. On the other hand, M-CPCF and M-OPCF both show high birefringence in 

comparison with Ref. [2, 4, 16]. Moreover, the length required to compensate the 

accumulated dispersion of the SMF is less for the proposed designs than those presented in 

Table 2. In addition, the effective are of the M-OPCF is higher than that of Ref. [2, 4, 16]. 

Table 3: Comparison between properties of the proposed DC-PCFs and other DC-PCFs at 

1550 nm wavelength 

PCF 
Dispersion B Aeff DCF 

Length of 
S 

NDP 
ps/(nrn.km) (In,,—nI) (im2) 

(krn) 
(N, ,N A  ,N,) 

C-PCF -790J2 7 x 10 !.65  
M-CPCF -643.62 2.2x10 2  2.05 1.15 1 5, 1,3 

M-OPCF -672.24 2.53x10 2  3.51 1.10 5, 1,3 
Ref. [2] - - 1.55 

- 
- 1, 1 

Ref. [4] -239.5 1 .67x10 2  2.60 2.27 1 , I 
Ref. [16] -588 1.81 x10 2  3.43 1.17 5,1,2 

However, the comparison between relative dispersion slopes of the proposed DC-PCFs 

has been shown in Fig. 4.46. It is observed that the relative dispersion slope of the 

proposed fibers is equal to the relative dispersion slope of SMF of about 0.0036 nm' at 

1550 rim wavelength. The comparison between effective dispersion in Fig. 4.46 reveals 

that the M-CPCF is appropriate for dispersion compensation covering entire E to L band 

wavelength ranging from 1360 to 1625 nm as the effective dispersion is less than ±0.8 

- s/(nm.km) within that bands. In addition, there is a tendency to cover above the L band 

beyond 1640 nm wavelength. 
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Fig. 4.46 Comparison between relative dispersion slope for the proposed DC-PCFs. 

-19 
-.- CPCF 
-•- M-CPCF 
-0- M-OPCF 

1400 1460 1520 1580 1640 

Wavelength, X [nm] 

Fig. 4.47 Comparison between effective dispersion of the proposed DC-PCFs. 

However, the M-OPCF is capable of compensating dispersion within S to L wavelength 

band whereas the C-PCF is able to compensate the dispersion of S and C band efficiently. 

However,  it is expected that the proposed fiber will outperform than others. A comparison 

between confinement losses has been presented in Fig. 4.48. Confinement loss is lowest 

for M-OPCF compared to other designs. 
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Fig. 4.48 Comparison between confinement losses of the proposed DC-PCFs. 

4.6 Conclusion 

Some designs of broadband DC-PCFs with high negative dispersion coefficient over a 

wide band of wavelength for effective dispersion compensation of SMF have been 

presented based on the FEM. According to numerical results the proposed designs provide 

high negative dispersion coefficient and an RDS matched with a conventional single mode 

fiber of about 0.0036nm. At the same time the proposed DC-PCFs ensure the effective 

dispersion within ±0.80 ps/(nm.km) which allow the designed fibers to be suitable for 

compensating 40Gbps covering E, S, C and L communication bands. The proposed DC-

PCFs exhibit high birefringence of order 102  with the high negative dispersion 

characteristics which eliminate the effect of PMD along with chromatic dispersion. The 

characteristics of broadband dispersion compensation and high birefringence make the 

proposed fibers potential candidates as its application in the fiber optic communication 

link in the telecommunication window. 
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CHAPTER V 

Conclusions and Suggestions 

5.1 Conclusion 

In this thesis, following research aspects have been reported: (1) modeling of broadband 

DC-PCFs for effective dispersion compensation of SMF including C-PCF, M-CPCF and 

M-OPCF using COMSOL Multiphysics 4.2 which is based on FEM, (2) requirement of 

the broadband dispersion compensation, (3) investigation of high negative dispersion 

phenomenon in the designed DC-PCFs that is needed to compensate the positive 

ispersion of the SMF during transmission of signals, (4) investigation of the dispersion 

accuracy of the proposed designs using global diameter variation and individual design 

parameter variation (5) investigation of the RDS value which is required to be exactly 

equal to 0.0036 nm' at 1550 nm wavelength and the dispersion slope needed to be 

negative for broadband dispersion compensation of SMF, (6) effective dispersion to judge 

the dispersion compensation capability of the proposed DC-PCFs, (7) analysis of high 

birefringence properties of the proposed fibers to eliminate the effect of PMD, (8) analysis 

of effective area and hence its potential difficulties in the input coupling and output 

coupling of light, (9) investigation of the confinement loss of the proposed designs and the 

length required to compensate the accumulated dispersion of SMF, (10) investigation of 

the number of modes supported by the proposed DC-PCFs. The effective refractive index, 

neff of the fundamental mode was found by numerical simulation of the proposed DC-

PCFs using COMSOL Multiphysics 4.2. Subsequently properties mentioned above were 

determined using some computations presented in section 3.4. However, the proposed C-

PCF showed a high negative dispersion of about -790 ps/(nm.km) at 1550 nm and the 

dispersion slope was also negative for the optimum design parameters. Moreover, the 

residual dispersion slope was equal to the residual dispersion slope of SMF of about 

0.0036 nm at 1550 nm wavelength. Although, it experienced a drastic change in 

dispersion when pitch, A is varied up to ± 2%, the effective dispersion was within ± 0.8 

ps/(nrn.km) over the wavelength ranging from 1400 to 1610 nm. Hence, C-PCF could be 

applicable for broadband dispersion compensation in a high bit rate transmission systems 

especially in the S to L communication band. However, the effective area was small and in 

particular, at 1550 nm the value of effective area was 1.65 m2. In addition, the 



confinement loss was within permissible limit and was further decreased with increasing 

the number of air hole rings. It is noteworthy that the birefringence of the proposed fiber 

was not enough and thus unable to eradicate the effect of PMD. With the aim of improving 

the birefringence, the C-PCF has been modified by breaking the symmetry between fiber 

axes introducing axial artificial defects. Hence, it was named M-CPCF. However, the M-

CPCF showed a high negative dispersion of about -643.62 ps/(nm.km) with high 

birefringence of about 2.2x 102  at 1550 nm wavelength. The chance in dispersion due to 

the fiber's structural parameter variation and also for fiber's global diameter variation was 

found consistent. Additionally, the RDS was perfectly matched with the RDS of SMF and 

the dispersion slope was found negative with a lower variation. The effective dispersion of 

the M-CPCF was found within ± 0.8 ps/(nm.km) over the wavelength ranging from 1400 

to 1640 nm. Thus, the proposed M-CPCF should be applied for broadband dispersion 

compensation of SMF. The effective area was also increased significantly in comparison 

with C-PCF and it was 2.05 at 1550nm wavelength. Nevertheless, the confinement loss for 

the proposed M-CPCF is higher than that of other designs. Finally, the M-OPCF has been 

further presented to achieve better results than that of two fibers. However, it 

demonstrated a higher value of negative dispersion and birefringence of about -672.24 

psl(nm.km) and 2.53x102  respectively at 1550 nm wavelength compared to M-CPCF. 

The dispersion accuracy was also consistent because the dispersion was not changed 
-4'  

drastically with the fiber's structural parameter variation. The effective area for M-OPCF 

was found higher compared to other two proposed fibers. Nevertheless, the effective 

dispersion was found within ± 0.8 ps/(nm.km) over the wavelength ranging from 1430 to 

1610 nm. So, the available bandwidth for dispersion compensation was noticed 180 nm 

which was 60 nm and 30 nm less than that of M-CPCF and C-PCF respectively. The 

number of modes supported by the proposed DC-PCFs has been checked with the help of 

effective V-parameter. However, effective V-parameter Veff  was found less than 3.1416 

for all three proposed DC-PCFs. Thus, the proposed fiber would have only support single 

mode and hence no multimode dispersion will be incurred during the operation as 

broadband DCF. It should also be mentioned that the proposed fiber except C-PCF would 

be suitable for a number of future application such as PM devices and sensing system due 

to i8 high birefringence. 
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5.2 Suggestions for future works 

In this work, some designs of DC-PCFs have been demonstrated and then, performance of 
r 

the proposed DC-PCFs have been presented and discussed. However, the proposed DC-

PCFs show better dispersion compensating ability for compensating the dispersion of the 

SMF. Nevertheless, some limitations are still with the proposed designs that should be 

improved to enhance the performance of the proposed DC-PCFs. For example, the 

effective area of the proposed fibers is small which presents potential difficulties in the 

input coupling and output coupling of light. Thus, efforts should be given to enrich the 

effective area of the fibers. Another major challenge is to make lower the confinement 

losses which are unavoidable of PCFs. Although the proposed DC-PCFs exhibit 

permissible confinement losses, some steps can further be taken to reduce the confinement 

losses. To reduce the complexity during fabrication process of the fibers, structural 

parameter should be minimum. However, proposed C-PCF has four different sized air hole 

diameters. In contrast, M-OPCF and M-CPCF has three different sized air hole diameters. 

Thus, the fabrication difficulties of the later designs are obviously lower that the former 

one. So, efforts should be given to reduce the number of structural parameters. 
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