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Abstract 

Recently incredible growth in technology is driven by increasing demand of high 

bandwidth application, mainly video and data. By utilizing the tremendous large 

bandwidth and ultra fast response time of photonic materials, fiber optics has emerged 

as a promising technology. Recently, photonic crystal fibers have captivated 

significant attention because of its flexibility in the design, outstanding optical 

properties, and various applications.   PCFs are mainly known for smartly tuning 

transmission properties like dispersion, nonlinearity, and birefringence. Consequently, 

PCFs are finding various applications at present in different areas of optical 

communication systems. PCFs are very suitable because they offer surplus design 

parameters such as air-hole diameter d, air-hole rings, hole-to-hole spacing, and pitch 

∧ , and higher degree design freedom of transmission characteristics to attain the 

requirements of several applications. For high data rate optical communication 

systems, polarization maintaining fibers plays a major role in utilizing differential 

group delay between the two Eigen polarization modes of the first order polarization 

mode dispersion (PMD) compensation techniques. A large differential group delay or 

high birefringence is required to augment the figure of merit in PMD compensation.  

 High birefringence in the PCFs can be ensured because of its design flexibility 

and high index contrast. PCFs with high birefringence can find essential applications 

in the field of coherent optical fiber communications, fiber filters, fiber sensors, fiber 

lasers, electro-optical modulation and signal processing systems, etc. Moreover, with 

birefringence, a large attention is being grasped by the nonlinearity in PCFs. The 

small mode areas that lead to high nonlinearity in the PCF structures is an ongoing 

challenge, but highly birefringent PCFs with nonlinear properties have been receiving 

high attention due to its application in telecommunication field. One of the main 

reason to enhance nonlinearity is that the power-consumption of the optical device can 

be reduced. Nonlinear PCFs can be extensively used for various useful applications 

like supercontinuum generation, optical parametric amplification, all optical 

wavelength conversion, distributed in-fiber amplification and pulse regeneration, 

optical monitoring,  multiplexing and demultiplexing and switching, etc. 

 Another crucial parameter of optical fibers is the dispersion, as it has the 

ability of strongly affecting the functioning of optical communication systems and 
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nonlinear fiber-optic devices, by distorting or delaying the signal. The speed 

dependency of the light on its wavelength is considered as dispersion. The chromatic 

dispersion, over a wide range of wavelength division multiplex communication 

systems, can be compensated by the generation of negative broadband dispersion in 

PCFs. However, due to the trade off between the high birefringence and large negative 

dispersion with low confinement loss in traditional PCF, it is not easy to control the 

light polarization and dispersion. By setting up large air holes in the cladding, the 

modal birefringence can be increased. By having large refractive index contrast 

between core and cladding in PCF, low confinement loss can be achieved. But this 

result in very large chromatic dispersion and dispersion compensating fiber has to be 

used to nullify the chromatic dispersion. High birefringence, dispersion compensation, 

large nonlinearity and low confinement loss over wide optical communication bands 

are an essential requirement for many applications, and this is why PCFs has to be 

optimally designed. Along with fiber parameters, the optical properties of photonic 

crystal fibers are also dependent on the material. Preferred materials are not only 

compatible with existing fiber structures, easily available, cost effective but also 

having a high nonlinear refractive index like Silicon, Silica, silicon nanocrystals. 

 Many approaches have been used to enhance nonlinearity, birefringence with 

flattened negative dispersion. Here a novel high index elliptical spiral photonic crystal 

fiber structure is designed that is providing a ultra-flattened negative dispersion, high 

nonlinearity, and high birefringence. Finite element method is used to simulate the 

design. This design provides negative dispersion that is ultra-flattened within the 

wavelength range from 1.385 μm to 1.99 μm with a deviation of ± 1.5 ps/nm/km. 

Dispersion value of -93.577 ps/nm/km at 1.55 μm wavelength is achieved. This highly 

negative flattened dispersion fiber can be utilized as residual dispersion compensation 

fiber (RDCF). The numerical results also indicate the birefringence up to order of 10
-2

 

and nonlinear coefficient of (678.264, 763.485) W
-1

km
-1

 at 1.55 μm wavelength for 

fundamental X and Y polarized modes. High nonlinearity makes it useful for 

numerous optical applications. 

 To further enhance the optical characteristics, a silicon photonic crystal fiber 

with a nano dimensional slot having low index materials is embedded in the core, is 

designed and finite element method is used to study its characteristics. Here light is 

trapped in the low index material due to electric field discontinuity at the interface. 



vi 
 

Strong confinement of one of the mode leads to enhance nonlinearity. Simulation 

results show that nonlinear coefficient at 1.55μm wavelength for quasi-TM mode and 

the quasi-TE mode are 1348 W
-1

m
-1

 and 638 W
-1

m
-1

, respectively. This design also 

offers high birefringence up to 0.2503 at the 1.55μm wavelength. In addition to this, 

the dispersion is also evaluated having a very large negative dispersion value of     -

1288 ps/nm/km. To further improve the characteristics, certain parameters are 

modified, and the simulation results show that nonlinear coefficient at 1.55 μm 

wavelength for quasi-TM mode and the quasi-TE mode is 2951 W
-1

m
-1

and 1379 W
-

1
m

-1
, respectively. This design also offers high birefringence up to 0.292219 at 1.55 

μm wavelength. Dispersion is also examined and observed that ultra high negative 

flattened dispersion is achieved. In addition to this, confinement factor, effective area, 

and confinement loss are also reported and discussed. Now, rectangle slot, which has 

the same material as of elliptical slot, i.e., silicon nanocrystal, is analyzed. Also, both 

the slots are defined by the same area to compare the optical properties. Numerical 

analysis of the designed slot is attained by finite element method. By optimizing the 

fiber geometrical parameters of the rectangle slot, the nonlinearity coefficient of the 

fundamental modes and birefringence at 1.55 μm wavelength are achieved as high as 

1614 W
-1

m
-1

 and 0.2589, respectively. 

 Now it can be concluded that although all proposed designs provide better 

results but low index slotted structures provide superior properties compared to high 

index PCF structures. The proposed research work can be used to realize a coherent 

digital optical transmission technology, polarization maintaining all optical signal 

processing devices at small scale. 
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Chapter 1: Introduction 

1.1 Introduction 

Fibre optics is an eminent field of research brimming with enthusiastic fervor and 

remarkable advancements. Newer technologies are facilitating both development and 

understanding of new application areas in the nonlinear physics, as well as visually 

and rationally appealing new research outcomes. The development of new types of 

optical fibers has been one of the most stimulating areas. The optical fiber is the best-

known data transmission medium due to its tremendous features like larger 

bandwidth, less losses, immunity to electromagnetic interference, data security, etc. 

The efficiency of the transmission medium is governed by its characteristics. 

Important characteristics like dispersion, birefringence, confinement losses, etc. have 

been used to maintain desired propagation of light signals in optical fibers and to 

enhance performance and applications of optical fibers with the controlled 

mechanism. These characteristics are controlled by variation in parameters of the 

optical fiber. Unfortunately, traditional optical fibers don't have the flexibility to tailor 

the fiber parameters. To overcome these limitations, in 1991, a concept was 

propounded that have an index material in the center with an arrangement of 

microscopic air holes along its length [1]. Microstructured optical fibers (MOF's) were 

developed on the basic motive of finding a dielectric waveguide to transmit light 

through 2-D Photonic band gap (PBG) effect [2]. The basic idea of MOF was 

presented for the very first time by Yeh and Yariv in 1978 in the form of Bragg fibers. 

In such fibers, Bragg grated core similar to 1D photonic crystal (PC) is defined to 

carry the light signals [3]. First intensive research towards PCs was initiated by E. 

Yablonovitch and S. John in 1987 [4,5], popularly known as founders of PCs in 

photonics. In 1991, an idea emerged that light traveling through a fiber can be stopped 

by using stop bands, that paved the way for the development of 2D and 3D PBG 

materials worldwide [6,7]. In 1992 Philip Russell invented a new two-dimensional 

Photonic Crystal fiber (2D-PCF) also known as MOF, having its core made up of air 

[8]. Since then various attempts are made in the direction of the structuring of PCFs 

involving variations in fiber material, core diameter, size of air holes and their 

geometry.  In these MOFs light can be trapped inside core by two mechanisms- total 

internal reflection (TIR) [9,10] and PBG [11,12]. Even though one light guiding 
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mechanism in some respect similar to traditional TIR phenomenon, but it proves to be 

a case of some exclusive, interesting features that makes it different from conventional 

step-index fiber operating features. Nowadays, a modified structure of PCF that have 

nano dimension slot inside the fiber core is gaining tremendous attention [13-15].  In 

this PCF structure, a low index material is embedded in the slot and light inside the 

slot region is guided due to the electric filed discontinuity at the interface of two 

dielectric mediums [16-18]. Due to this, electric field intensity in the low index 

material is more intense as compared to high index material. PCFs are having freedom 

of design flexibility that provides the ability to engineer the optical properties of fiber 

such as endlessly single mode (ESM) fiber  [9], large mode area[19], 

dispersion[20,21], birefringence [22], nonlinearity [23], confinement loss, etc. Large 

nonlinearity coefficients in MOFs can be achieved by reducing the effective mode 

area of the core or using materials with high nonlinear refractive index values. These 

highly nonlinear fibers (HNLFs) can be utilized in various applications including 

optical parametric amplification [24], optical wavelength conversion [25] and 

supercontinuum generation (SCG) [26,27], etc. 

Control of dispersion is very important for high speed long-haul optical 

communication systems because it significantly impacts the data carrying capacity of 

the optical fibers. The conventional single mode fiber (SMF)  has nonzero dispersion 

typically ranging from 10 to 20 ps/nm/km [28].  With the rapidly increasing data 

traffic over a wavelength division multiplexed (WDM) communication systems, a 

transformed interest in dispersion compensating fiber (DCF) have been taken place 

over the last decade. It may also be concluded that more efficient DCF with very high 

negative dispersion values can be developed through PCFs. For multichannel WDM 

system, DCF over a wide wavelength bands is essential [29]. Such type of PCF may 

replace existing DCF in high capacity DWDM system for long distance 

communication systems. After using DCF, some positive dispersion still remains that 

will lead to severe limitations on the transmission data rates. Therefore, the insightful 

study of flattened negative dispersion becomes indispensable.  

 Polarization is one more crucial feature of PCFs, which needs to maintain 

necessarily for long distance communication. Polarization maintenance can be 

attained by using fibers with high birefringence. Birefringence can be induced either 
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by structural disturbances or by stress. High birefringent PCFs can be employed as 

single-polarization mode fibers or polarization maintaining fibers (PMFs) [30], optical 

sensing [31], etc. 

 Because of these intrinsic characteristic features, PCF supports numerous 

appealing applications which are responsible for the boom in the domain of optical 

signal processing. The term ―Optical Signal Processing‖ encompasses the wide range 

of applications that function on optical data signals. This can incorporate broadly used 

systems, such as, optical pulse shapers, optical multiplexing, wavelength converters 

and optical switches, de-multiplexing, equalizers, optical memories [32-33], and 

diverse/several regions of microwave photonics [34-35]. 

 

1.2 Motivation of Research 

The research of past few years reveals that PCF is a major topic of research because of 

its properties such as ESM operation, better control on dispersion, large mode area, 

more birefringence, small mode area, high nonlinearity and lesser confinement losses, 

etc. Photonic crystal structures in fiber optic communication have led to many new 

advancements in various field of optical fiber applications which are unattainable in 

conventional optical fibers. Every possible application takes benefit of tailoring the 

geometrical parameters of microstructures. Because of these properties, PCF has 

applications in fiber lasers, communications, nonlinear devices, generation of slow 

light, etc.  

 Researchers have proposed different PCFs structures as per the need of 

numerous applications. Presently, index guiding PCFs have been comprehensively 

studied because of their effective optical characteristics in different fields of optical 

systems that seem to be inconceivable in conventional SMF. Most of the researchers 

are working on high index PCF designs to improve the optical properties. High index 

PCFs structures have the ability to provide enhanced application oriented properties 

but to realize applications efficiently at small scale, low index slot effect induced PCF 

can be utilized. Low index slotted PCF design has the better capability to trap the light 

efficiently inside the fiber core as compared to traditional regular PCFs structures such 

as hexagonal, octagonal, decagonal, etc. Benefitting from slot effect which provides 
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better light confinement in nanometer sized low index region, improved 

characteristics such as high nonlinearity, high birefringence, and large negative flat 

dispersion is achieved[13-15]. Such extraordinary PCFs, inducing high performance 

characteristics, are prominent devices for use in on-chip applications, integrated 

optical signal processing and green photonics. The material of fiber also plays a key 

role in meeting the requirements. Silicon and silicon nanocrystals are found to be 

more applicable than other materials because Silicon based devices have not only met 

the requirement of operation but also Silicon has the potential for direct chip level 

integration. 

 

1.3 Research Contribution 

In this proposed work, different geometries of PCFs are investigated to improve the 

optical properties of the fiber. The primary aim of the work is to improve the 

birefringence, nonlinearity and dispersion properties. Effective mode area is also 

analyzed, and it is analytically shown that small effective mode area provides large 

nonlinearity with high birefringence. Investigation of properties is done by using 

index guiding PCF structures. Firstly, high index guiding elliptical spiral PCF 

structures are investigated by finite element method (FEM) for obtaining different 

optical properties. In one of the structure, soft glass SF57 is utilized as the high index 

material and in another design, silicon is used as the fiber material. Next, to gain better 

results of optical characteristics, low index slotted spiral PCF structures are 

investigated numerically.  

             Proposed PCF designs, which are numerically investigated, provide ultrahigh 

nonlinearity which has numerous application like optical parametric amplification, 

wavelength conversion, optical lasers, multiplexer and demultiplexer, optical 

switches, soliton formation, SCG, etc. Another studied feature is birefringence which 

can be used for maintenance of polarization in fiber and sensing applications. 

Maximum birefringence of the order of 10
-1 

is obtained which can reduce beat length 

up to μm. Designs are also providing a large negative dispersion which is essential to 

compensate the dispersion incurred during the propagation of light through the fiber. 

Thus, PCF designs proposed in the research work can be used to exploit numerous 

applications in optical domain within ultra-compact devices.  
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1.4 Thesis Outline 

The thesis is organised into six chapters. The arrangement of the thesis is as follows: 

Chapter 2 is intended to provide a brief idea about the concept of the PCF. Particular 

concentration has been paid to the optical properties and guidance characteristics of 

the PCF. This study also consists of the details of the fiber mode theory. Other than 

that, the fabrication techniques and optical losses that are induced during fabrication 

or light propagation are also reviewed. Moreover, some of the applications that are 

being utilized in almost all the technological areas of the present generation have been 

described. 

 The prime objective of this thesis is to enhance the optical characteristics of 

the PCF. The fundamental characteristics of PCF like dispersion, birefringence, 

effective mode area, nonlinearity, confinement loss are discussed. Although these 

characteristics have various applications, few important applications such as SCG, 

DCF, and PMF are briefly described.  

Chapter 3 narrates the recent research work progress in the field of PCF geometries 

and respective applications. Challenges associated with modeling of different 

structures are also addressed. Review of the previous research work helped us in 

establishing a theoretical framework for our research. 

In Chapter 4, a novel high index elliptical spiral PCF structure is proposed, 

particularly for DCF with PMF and nonlinear signal processing. Elliptical shaped air 

holes in the first ring of the spiral structure are introduced to generate large asymmetry 

in the design that results in large birefringence of the order of 10
-2

 and negative 

flattened dispersion in E+S+C+L+U bands. Additionally, high nonlinearity is also 

achieved which makes it favorable for various applications like parametric 

amplification, wavelength conversion, regeneration, multicasting, SCG, tunable 

delays, etc. With variation in the ellipticity of elliptical air holes, the fiber 

characteristics show no significant variation, which confirms the robustness of the 

design. FEM is utilized to analyze the results. Optical properties of material used in 

designed PCF and design fabrication possibilities are also discussed. Among the 

various applications of this design, a residual dispersion compensation (RDCF) 
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application is briefly discussed. Finally, all the observed simulation results are 

reviewed with concluding remarks. 

Chapter 5 deals with the theoretical and numerical investigation of optical 

characteristics in low index slot spiral PCF structure. Nowadays, low index PCF 

design are getting much attention due to its high light confinement ability. Here three 

slot spiral PCF designs are discussed. First and second design are having low index 

elliptical slot in core region whereas third design has low index rectangle slot in the 

core region. By varying the pitch size (center to center distance between air hole) and 

diameter of air holes, all the structures are optimized. FEM is used to analyze the 

designs. Materials also make a significant impact on characteristics of the optical 

fiber. So properties and applicability of the materials used in the proposed design are 

also elaborated in details.  

The proposed designs have large asymmetry in the structure that induces large 

birefringence up to the order of 10
-1

, which makes it useful as PMF and in sensing 

applications. Large air holes size also provides better light confinement that would 

result in ultra high nonlinearity in fiber. HNLF has numerous applications in the 

optical domain such as SCG, parametric amplification, wavelength conversion, 

nonlinear signal processing, etc. Although all designs provide large negative 

dispersion but flat dispersion is achieved in the second design. Due to large negative 

dispersion, proposed designs can be a perfect candidate for DCF. 

Obtained results of slotted spiral Silicon PCF designs are analytically 

discussed with variation in slot dimensions. Fabrication possibilities of proposed 

designs are also explained. Owing to its excellent performance, all optical signal 

processing can be realized by the ultra compact devices. Further, one major 

application of designs is also discussed. Finally, a conclusion and review of obtained 

results are presented. 

 

All the results obtained are discussed and reviewed along with the scope of future 

possibilities in Chapter 6.  
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Chapter 2: Photonic Crystal Fibers: Properties and 

Applications 

The primary focus of this chapter is to provide a detailed study about the PCFs. The 

optical properties and guidance characteristics of the PCFs have been a primary focus 

of this study. The fiber mode theory is explained with the help of Maxwell's equations 

in this chapter. Furthermore, the fabrication techniques are described and the optical 

losses that induce during light propagation are reviewed. Moreover, few applications 

are also discussed that have utmost importance in all areas of the optical domain. 

2.1 Introduction 

Photonic crystals are an innovative kind of optical medium that can be represented by 

the natural structures reliant on the modulation of refractive index of medium. In fact, 

optical properties of PC are determined by the modulation of the permittivity or the 

refractive index. The PCs grabbed a huge attention first time when the possibility of 

using it for controlling light was explained in 1887. Then almost after 100 years, the 

possibility to use PCs for the spontaneous emission control was introduced by V.P. 

Bykov in 1972. However, the real progress of PCs was initiated with the revolutionary 

work of E. Yablonovitch and S. John in 1987 [36].  

The PCs are often compared to the solid state physics due to the similarity they 

obtain, such as, the lattice formed by variation of the refractive index is similar in 

both. Also photons characteristics in PCs is equivalent to the electrons and holes of 

the atomic lattice. Band gap is induced by both the solid state and PCs due to the 

lattice periodicity and determination of the Eigen functions in a PCs is very analogous 

to computation of solid-state particle wave functions, which is suitable for achieving 

photonic band structure [37]. In addition to that, geometric conformations of PCs are 

considered as a term, ‗lattice‘. In 1-D PCs there are very less number of variations that 

can be made due to the layered structure it consist of, only the refractive index, the 

number of layers within the period and layer‘s thickness can be varied. The 

consideration of lattice starts with the 2-D case. More types of lattices can be 

engineered with the 3-D case. The number of possible types of lattice helps in 

determining the transmittance, band structure and reflectance spectrum [38].  
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PCF is known for its low loss and confined transmission of signals. These 

fibers with different dielectric constant help in maintaining the confinement of light 

[39]. In addition, PCFs structural parameters can be tailored in order to achieve the 

required outcome. The PCF can be classified in different kind of fibers on the basis of 

structure and light propagation dimensions [37]. On the basis of structure, the PCFs 

are such as solid core PCF, PBG effect PCF and Bragg fibers. On the basis of light 

propagation dimension, it can be classified as 1-D PCF, 2-D PCF and 3-D PCF [1] as 

shown in Fig.2.1. 

    

   

1 D Periodic Structure 2 D Periodic Structure 3 D Periodic Structure 

(a) (b) (c) 

Fig.2.1 Classification of photonic crystals 

Moreover, the PCF‘s light propagation depends on the multilayer dielectric 

mirror. This mirror consists of multiple layers of material having different dielectric 

constant. If the periodicity of dielectrics is in one direction then the PCF can be 

considered as one-dimensional, if in two directions then it will be two-dimensional 

PCF and like this the PCF can be also be three-dimensional based on the periodicity of 

dielectrics [40]. Furthermore, the Bragg fiber mainly follows the 1-D PCF principle. 

The concentric rings of more than one film form the Bragg fiber and it is broadly used 

as the distributed reflector in vertical cavity surface emitting lasers. Presently, air core 

Bragg fibers are based on a combination of polymer and soft glass. The holey fibers 

mainly follow the 2-D PCF concept where cladding consists of the air holes having 

smaller refractive index than the solid core. Another kind of 2-D PCF is hollow core 
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PCF having lower attenuation than solid core PCF and core can be filled with air and 

gas [41].  

Commercial index guiding PCFs are also available. First is the ESM fiber that 

is based on the principle of confining light mode strictly within the core region and the 

higher modes will be able to infringe the core weakening the confinement. Second is 

the large mode area fiber (LMA-PCF) that is suitable for higher power levels without 

any material damages and nonlinear effect [42]. Similarly like LMA-PCF, there is a 

single mode double cladding fiber that has the same features like LMA-PCF but has a 

double cladding and actively doped core. Third is the HNLF that is very much suitable 

for achieving high nonlinear coefficient and small effective area even less than 1 μm 

with the help of large index core-cladding contrast. Another fiber is the PMF that 

actively maintains the polarization of the light [43].  

 

2.2 Light Guiding Mechanism in PCF 

For the purpose of guiding light, into the core and not in the cladding, along the fiber 

axis, the light should be introduced with the value of β i.e. the propagation constant. 

The higher and smaller value of β, both are allowed and are dependent on the relation, 

β = nk0 , where k0 is the free-space propagation constant. The 2-D PCF is 

characterized by a maximum value of β that can transmit. Moreover, the propagation 

constant at particular wavelength corresponds to the effective refractive index of the 

material [44].  

PCFs can be broadly classified into two broad categories, namely solid core 

index guiding PCF [45,46] and hollow core or band gap PCF [11,12], are shown in 

Fig. 2.2. Solid core PCFs can be further categorised into two types namely high index 

PCF and low index PCF. In high index guiding PCF, the wave guiding phenomena is 

modified TIR that is alike to wave guiding phenomena in optical fibers. In low index 

guiding PCF, the light propagation mechanism is based on electric field discontinuity 

at core cladding interface. In hollow core PCFs, light guiding mechanism exhibits a 

PBG effect at operating wavelength to guide light. 

2.2.1 Modified total internal reflection 

High index guiding fibers are the fibers which propagate light through them using the 
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phenomena of modified total internal reflection (M-TIR) [10]. The basic principle and 

mechanism of M-TIR is analogous to TIR mechanism as followed in standard fibers. 

That is the refractive index of the cladding is lower than the core refractive index. Due 

to the presence of periodic patterns of air holes in cladding region, the cladding 

effective refractive index becomes lower than core region. M-TIR provide an effective 

way of developing a type of PCF which contain many different properties not possible 

with standard technology thereby introducing PCF in many new applications. High 

index guiding fibers allows us to obtain a design which allows only a single mode to 

propagate through it irrespective of the range of wavelength used [46].  

2.2.2 Photonic Bandgap Effect 

PBG effect is a physical mechanism in which defined regular arrangement of air holes 

in the cladding region induces so called photonic band gap [11,12]. The areas which 

block the propagation of light through it are called as PBG. Only a certain amount of 

light with a few wavelengths are blocked and not allowed propagation through the 

region. A PBG fiber is created by deforming the air core by generating a new air hole 

in the core structure.  This property of light guidance in hollow core or air guiding 

fibers show many propitious uses for example one can transmit high power through 

these fibers without the peril of damaging the fiber structure. Also when light is 

propagated through vacuum one can observe highly low confinement loss. 

2.2.3 Electric field discontinuity 

A slot waveguide configuration [16] comprises of high index material cladding in 

which has embedded a sub-micrometer size low refractive index material (i.e. slot) in 

core region. This structure operates on the principle of having continuity of the 

electric flux density at the interface of large index contrast (junction of high index 

material and the low index slot region). Maxwell's equation for a high index contrast 

interface says that to have continuity of electric flux density D the normal component 

of the electric field corresponding to that must have large discontinuity and for that it 

will have large amplitude of electric field intensity in low index region. Provided that 

the slot width is of same order to the decay field length. The electric field across the 

slot region remains high as compared to the high index region which in turn results in 

higher power density across the slot region than that in the high index region [16-18]. 
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Fig.2.2 Classification of Photonic Crystal fiber 

2.3 Fiber Modes 

Light or electromagnetic wave propagates through different modes in an optical fiber. 

Maxwell's equations are used to determine the eigenvalue equation for defining these 

modes [47-49]. Maxwell's equations for a source-free medium (i.e., the charge density 

and the conduction current densities in the medium are zero) are given as, 
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                                                             (2.1) 

                                                    (2.2) 

                               
  

  
                  (2.3) 

                            
  

  
                 (2.4) 

We have two more equations, called the constitutive relations, as 

                                                                           (2.5) 

                                                                     (2.6) 

where   is the permeability of the medium, is the permittivity of the medium, and P 

and M are the induced electric and magnetic polarizations, respectively. Due to the 

non-magnetic nature of optical fibers, magnetic polarization is zero.  

Now, we take curl of equation (2.3) as 

         
  

  
 

Substituting for      and interchanging the space and time derivatives, we get 

                         
 

  
  (   ) 

                  
 

  
(   ) 

Now substituting from eqn.(2.4) we get  

                             
 

  
〈
  

  
〉 

                              
   

   
   

   

   
                            (2.7) 

Polarization is related to the electric field by the following equation, 

                 (   )    ∫  (      ) (    )   
 

  
                   (2.8) 

Where χ represents the susceptibility. 

Fourier transform of E(r,t) is  

               (   )  ∫  (   )    (   )   
 

  
                         (2.9) 

Similarly, by taking the Fourier transform of  (   )and by using eqn (2.8), equation 

(2.7) can be expressed in the frequency domain as follows, 

                    (   )
  

  
 (   )                           (2.10) 
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Because of the low optical losses in fibers, we can replace  (   )by   ( ). 

From vector algebra we have the identity 

          (   )      

so the above equation can be simplified to 

                    (   )                                                  (2.11) 

By using eqn. (2.11) in eqn. (2.10), we can write 

         ( )  
                                             (2.12) 

To specifically solve the wave equation that meets the boundary conditions, a 

finite number of optical modes are maintained by the fiber. The modes inside the 

optical fiber can be classified into three categories namely, guided modes, leaky 

modes and radiation modes [48]. Information transmission through the optical fiber 

mainly takes place in guided modes. So the following discussion is entirely related to 

the guided mode of optical fiber. Because of the cylindrical shape of the optical fiber, 

equation, (2.12) can be expressed in cylindrical coordinates as follows 

     

    
 

 

  

  
 

 

  

   

    
   

   
     

                           (2.13) 

Traditionally Ez and Hz are chosen as the independent components and Eρ, Eϕ, 

Hρ and Hϕ are calculated in terms of Ez and Hz. The method of separation of variables 

is used through which eqn. (2.13) can be written as follows 

  (   )   ( ) ( )    (   )    (   )                   (2.14) 

Here A depends on ω, β is optical propagation constant, m is bound to take integer 

values because field must have period of 2π and F(ρ) is the solution of following 

equation 

   

   
 

 

 

  

  
 (    

     
  

  )                        (2.15)  

The above equation is the well known differential equation of Bessel functions. The 

solution of this equation for core and cladding part of fiber can be expressed as  

 ( )  {
   (  )     (  )                      

   (  )     (  )                  
             (2.16) 
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Where A,B,C and D are constants and Jm, Km, Lm and Mm are different types of Bessel 

functions. 

Where p and q are defined as 

                                                                
   

                                              (2.17) 

        
   

                                           (2.18) 

At the boundary conditions, the optical field must be finite for a guided mode 

at ρ = 0 and declines to zero at ρ = ∞. As   (  ) has a singularity at ρ = 0, so F(0) 

can remain finite only if B = 0. Similarly F(ρ) disappears at infinity only if D = 0. 

Thus  

    F(ρ) =    (  )                                    (2.19)

  

Similarly in the cladding region solution of F(ρ) must decline exponentially. 

Modified Bessel function   (  ) illustrate such a solution. Thus,  

               F(ρ) =    (  )                                   (2.20) 

Same method can be followed to calculate the magnetic field component. By 

using boundary condition that the tangential component of E and H be continuous at 

the core cladding interface requires that  z, Ȟz,  ϕ and Ȟϕ should be same.  

Tangential component of electric field is  

                                                         (     )                                       (2.21) 

Tangential component of magnetic field is 

                                                         (     )                                      (2.22) 

Normal component of electric flux density is 

                                                         (     )                         
    

          (2.23) 

                                                            
      

                           
    

          (2.24) 

Where medium 1 and medium 2 have the permittivity ε1 and ε2 respectively, here    

  . Normal component of magnetic flux density is  

                   (     )                        
    

             (2.25) 

                                                                   (2.26) 



15 
 

Where the permeability of medium 1 and medium 2 is    and    respectively. Here 

       , hence     

                                                                
    

.                         (2.27) 

The symmetricity of normal component of magnetic field at boundary is expressed by 

above equation. 

In some conditions, out of two medium one is considered as perfect electric or 

magnetic conductor. The transform boundary condition is expressed as follows, 

                                                                                            (2.28) 

From the condition it can be concluded that electric field E displays continuity 

whereas the magnetic field H disappears at surface boundary. 

In another condition, if one of the medium is perfect electric conductor, the 

transform boundary condition can be expressed as follows 

                                                            (2.29) 

In this case, continuity at the boundary both electric field and magnetic field vanish.  

These fields components at ρ = a are equal, leading to an eigenvalue equation whose 

solution determine the propagation constant β for the fiber modes. 
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   (  )
+ *

   (  )

   (  )
 
  
 

  
 

   (  )

   (  )
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                                                                          (    ) 

where a prime refers differentiation with respect to the argument. 

For a given set of parameters k0, n1, n2 and a, the eigenvalue equation has 

several solutions of β for each integer m. Conventionally these solutions are presented 

by βmn where both m and n have integer values. There are basically two modes of 

fiber, such as, HEmn and EHmn and each value of βmn corresponds to one particular 

mode of the fiber. This concept can be classified as when m=0, these modes are 

symmetric to the transverse-electric (TE) and transverse-magnetic (TM) modes of a 

planar waveguide as the axial component of the electric field or the magnetic field 

diminishes. On the other side, when m > 0, both the modes of fiber become hybrid, 

that is, all six components of the electromagnetic field are nonzero [49]. In optical 

fibers, Eigen values are mainly used for calculating effective refractive index and for 
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full vector analysis of the fiber structure. In addition to that, it is known that number 

of modes supported by the optical fiber depends on the structural parameters of the 

fiber such as the refractive index difference and the core radius. One additional 

parameter is also considered important that is normalized frequency, V. It is the 

parameter where different modes have a cut-off frequency and it is defined as  

                                                                (
   

 
)√  

    
             (2.31) 

Because of the inverse relation with wavelength, this parameter is called 

normalized frequency parameter. In conventional optical fibers, to enable the single 

mode, the V parameter has to be less than 2.405 and when the V is slightly nearer to 

value of 2, it becomes a good fit for telecommunication fibers [50].  

V-parameter of PCF: 

V-parameter of a PCF is defined as follows [50,51]: 

                                  
  

 
 (     

 ( )      
 ( ))                      (2.32) 

Although the mathematical expression for both standard step index fibers and 

PCF remains the same. In Eq. (2.32), nFM(λ) is the effective index of the fundamental 

mode (FM) in core region that is a function of wavelength and nFSM(λ) is the 

corresponding effective refractive index of the first cladding mode in the infinite 

periodic cladding structure which often expressed as the fundamental space filling 

mode (FSM) [50,51]. 

The PCF has a unique advantage of design flexibility that restricts it to become 

multi-mode in any experiment for any given wavelength of light. The guided mode 

always has a strong electric field inside the core. For this purpose, so as to maintain 

the ESM condition, ratio of hole diameter and pitch (
 

 
) should be less than 0.4 [46]. 

The holes play an important part as they act as the ―wire mesh‖. It doesn‘t let 

the light to intrude in the cladding area because the distance between the holes is very 

small. In other words, the light gets more trapped inside the core as the relative hole 

size 
 

 
 becomes larger. Hence, an appropriate arrangement of holes ensures that only 

the FM is to be guided. 
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2.4 Optical Properties of Fiber 

Inculcating properties of both PCs and optical fibers as shown in Fig. 2.3, PCFs have 

such properties which allow it to control the modal behaviour in better way that is 

found not conceivable to achieve with conventional fiber technology. The 

development of these fibers was one of the major scientific advancements of the 

twentieth century and these fibers have proved to be beneficial in almost all important 

fiber applications. Important properties with the PCF technology has been developed 

significantly over the last two decades, and now researchers are working for 

characteristics improvement for meeting the new trend applications. Out of various 

characteristics of PCFs, control of dispersion, birefringence, and nonlinearity paves 

the way for tremendous applications. This section deals with the basic phenomenon of 

these characteristics.  

 
Fig 2.3 Transmission effects in optical fiber 

2.4.1 Birefringence 

The SMF carry two orthogonally polarized modes at the same time [44]. These two 

orthogonal modes normally have same phase velocity in an ideal circular core during 

the propagation. However, practically, fibers are not perfectly circular, and so the two 

modes have different phase and group velocities during the propagation. Additionally, 

the factors such as bend, anisotropic stress, and twist also induce birefringence in the 

fiber[22]. The magnitude and direction of birefringence keep varying with time 

because of the external factors such as temperature. These factors also influence the 

coupling of energy from one mode to another mode. Due to the fluctuation of 
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birefringence, the state of polarization (SOP) also changes frequently with time, which 

becomes an issue for several applications like coherent communication systems, the 

coupling between optical fibers and integrated optic devices, fiber optic sensors; as the 

basic need of such applications is the stability of output SOP [52]. 

The high birefringence fibers are considered as very useful as it maintains the 

SOP of the input signal for long distance communication and is also called as PMFs 

[53]. Such fibers can be realized by introducing very high birefringence in the fibers at 

the time of fabrication process.  

Moreover, the birefringence can be termed as the optical property of the 

material in which the refractive index has a dependency on the propagation direction 

and polarization of light. 

Types of birefringence  

Birefringence is classified into two categories, intrinsic and stress-induced 

birefringence 

1. Intrinsic birefringence – The anisotropy present in the crystal is responsible for 

this type of birefringence. The atomic arrangement of the crystal itself is the 

source of birefringence. The birefringence is also dependent on the refractive 

index of the material and the space between the atoms in the arrangement [54]. 

Examples are calcite, quartz, etc. 

2. Stress-induced birefringence – This type of birefringence is caused by the 

stress imposed on the material. Higher the stress, higher will be the 

birefringence. In the long-distance transmission, the large length of optical 

fiber does generate birefringence due to the stress [55]. Glass, plastic are the 

prime examples of this type of birefringence.  

Birefringence is used for various applications such as to provide a single mode 

polarization and also make the fiber insensitive to the temperature. The birefringence 

is defined as the difference of the refractive index of two mode indices of the 

polarization. The birefringence can be numerically shown as [56]: 

                                                               |  (    
 )    (    

 
)|           (2.33) 

Where     
  and     

 
 are the effective refractive index of both the polarization 

components. 
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Geometrical birefringence (  ) is dependent on the aspect ratio a/b of the core and 

also on the difference between refractive index Δn between the core and cladding. For 

a fiber having small aspect ratio of core (a/b < 1.2), the birefringence is given by 

     (     )       (
 

 
  )(Δ )    

It is introduced by bringing a defect in the fiber like by adding the two rods or 

big size holes nearer to the core in the opposite side or by having an elliptical core. 

These deformities help in introducing the birefringence. Also, the birefringence can be 

suppressed by decreasing the hole size and increasing the pitch; it also depends on the 

hole position as closer the holes, less will be the birefringence. Additionally, for the 

same degree of irregularity, the position-dependent birefringence is larger than the 

size-dependent birefringence [57-61].  

2.4.2 Dispersion 

The phenomenon chromatic dispersion takes place when the interaction occurs 

between an electromagnetic wave and the charge carriers of a dielectric; the medium 

response, which is related to the frequency of the wave ω. In other words, the 

chromatic dispersion depends on the resonance frequencies at which medium absorb 

the radiation when oscillations of bound electrons occur [47,49].  It is evident that 

chromatic dispersion is produced due to the refractive index n(ω) being dependent on 

the frequency. The relation between refractive index and frequency can be 

approximated by Sellmeier equation [62] 

                                                          ( )     ∑
    

 

  
    

 
             (2.34)  

When short optical pulses propagate in the fiber, fiber dispersion becomes an 

important parameter because different frequency components present in the pulse are 

having different speeds which are expressed as c/n(ω). So the dispersion leads to 

broadening of the pulse which is harmful to optical pulse propagating through a 

channel. If we are considering nonlinear effects, the combined effect of dispersion and 

nonlinearity produces a phenomenon, that is, Soliton dynamics, which ensures stable 

wave propagation without any distortion. The propagation constant (β) which explains 

dispersion can be expressed in Taylor series about the center frequency ω0 of the 

pulse: 



20 
 

               ( )   ( )
 

 
    (    )  

 

 
  (    )

                         (2.35) 

 Where      (
   

   
)
    

(             ) 

the relation between parameters β1 and β2 with refractive index n and its derivative is 

given by  

   β1 = 
 

  
 = 

  

 
 = 
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),              (2.36) 

   β2 = 
 

 
( 

  

  
  

   

   ),              (2.37) 

where ng and vg represents the group index and group velocity respectively.  

Physically, the group velocity denotes the speed at which the envelope of the 

pulse propagates, and β2 (GVD coefficient) represents the dispersion of the group 

velocity due to which broadening of pulse takes place [63]. For fused silica, it was 

observed that β2 vanishes at 1.27 μm and for higher wavelengths β2 is negative. This 

wavelength is called as the wavelength of zero-dispersion and is represented by λD. 

But in reality, the dispersion is not zero at λD because the cubic term present in the 

Taylor series of β is non-zero. Moreover, β3 coefficient in eq. (2) can be termed as the 

third order dispersion [64]. Optical pulses can be affected, both in the linear and 

nonlinear region by higher order effects. The contribution of high order effects is 

important for ultrashort optical pulses or when the pump wavelength is closer to the 

zero dispersion wavelength (ZDW) within a few nanometers [65].  

Mainly, there are two reasons due to which the chromatic dispersion takes 

place, is shown in Fig. 2.4 also. First, is the material dispersion which is present 

because the fiber core may have some unwanted dopants like GeO2 and P2O3. Second, 

being the waveguide contribution. So the total chromatic dispersion is the result of 

material as well as waveguide contribution [62], [66,67].  
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Fig. 2.4  Chromatic Dispersion in optical fiber 
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The dispersion parameter D is the commonly used quantity instead of β2 and it 

is related to β2 in the following manner: 

    D = 
   

  
 =  

   

  
    

 

 

   

   
         (2.38) 

An interesting thing about the waveguide dispersion is that its effect relies on 

the design parameters of the fiber such as the core radius a and core-cladding index 

difference Δ. So by using this fact, the wavelength of zero-dispersion can be designed 

near the minimum attenuation window at 1.55 μm. When the dispersion values are 

highly negative, these fibers can be utilized as DCFs [68]. By using different shapes in 

fiber geometry, one can design fibers with flat dispersion for a large band of 

frequencies which are called as dispersion flattened fibers (DFFs).  

Depending on the sign of β2, nonlinear effects in fiber can produce different 

behavior. When β2> 0, the normal dispersion regime (NDR) in the fiber is enabled. In 

this region, blue shifted wave propagate slower than the red shifted wave. When β2< 

0, anomalous dispersion regime (ADR) will be dominant in the fiber where red shifted 

wave will propagate slower than blue shifted wave.  

Due to the mismatch in group velocities of pulses, different wavelength travels 

at different speeds within a fiber. This results in a walk-off mechanism which can be 

used to explain the nonlinear interaction inside optical fiber between traveling pulses. 

The interaction takes place when the fast traveling pulse walks through the slower 

traveling pulse. The walk-off parameter is denoted by d12 and is defined by 

   d12 =  
 
(  )   

 
(  ) =   

  (  )    
  (  )           (2.39) 

where λ1 and λ2 denotes the center wavelengths of two pulses [49]. 

Dispersion management is a very important feature for long haul optical fiber 

communication. By careful design, one can reduce the dependency of the wavelength 

on the group velocity dispersion (GVD) in PCFs at very low air-filling fractions. With 

multi-component glasses such as Schott SF6, SF57, Silicon, Chalcogenide, etc., the 

flexibility in GVD design can be increased. In a highly nonlinear PCF (HNPCF) with 

small-core size, whole dispersion window can be transferred at larger wavelengths 

than in a silica based PCF with the same geometrical parameters. 

The material dispersion can be managed by selecting the material, which is 

used to design the fiber whereas the waveguide dispersion depends on the design 
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parameter of the waveguide. In this way, tailoring of the total dispersion can be done. 

Material dispersion and waveguide dispersion normally cancel out each other at 

ZDWs. ZDW mainly depends on the material and geometry of fiber. A zero-

dispersion magnitude and small slope is desired for most telecommunication 

applications especially for SCG. ZDW is having an important role in estimating the 

nonlinear effects. In addition to that, the dispersion is having an important role in SCG 

as dispersion helps in spectrum broadening as in NDR. Mainly phase matched four 

wave mixing (FWM) or self phase modulation (SPM) helps in broadening of the pulse 

as in this process no additional frequency components are produced, just the phase 

shifting of pulse occurs due to the dispersion chirps [27].  

Alternatively, in anomalous dispersion regime, nonlinearity plays an important 

role as nonlinear length is kept slightly higher than the dispersion length. In this 

regime, the nonlinear chirp and dispersion chirp cancel out each other, when the input 

power is high enough. This whole process helps in generating a stable pulse, which 

can travel over long haul distance without any distortion. This type of pulse is called 

soliton [69]. 

To sum up, the explanation and concepts stated above substantiate the purpose 

of the study, that is, the presence of high order dispersion in the fiber may distort the 

long distance transmission of the signal. However, the presence of dispersion with the 

nonlinear effects may prove to be a positive factor, as these processes with the 

combined effect induce the soliton pulses that are recognized as the stable waves that 

are very suitable for undistorted propagation in the long distance communication. In 

the next section, the concept of nonlinear effects has been explained that seems to be 

mainly used for nonlinear signal processing applications. 

 

2.4.3  Nonlinearity 

One of the peculiar characteristics of PCF is to achieve high nonlinearity within a very 

small length of the fiber. As nonlinear effects can be used in performing various 

optical applications like optical amplification, wavelength conversion, optical 

switching, optical signal regeneration and optical demultiplexing, etc. [70]. If the 

nonlinearity is enhanced, then these applications can be realized with a less pump 

power and shorter length as compared with the conventional fiber. Nonlinear optical 

fiber amplifiers especially Raman amplifier and Brillouin amplifiers have aroused 
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great concern in the field of optical communication systems as these nonlinear effects 

can move the gain regions of amplifiers arbitrarily as per the pump wavelength. These 

fields may require the generation of additional frequency elements while propagation, 

which let the spectral broadening of the pulse. In fact, the implementation of all-

optical functionalities is relied on strong fiber nonlinearities [23]. 

The optical nonlinearities discussed here can be used to generate new 

wavelengths, conversion of wavelengths, parametric gain or amplification, switching 

and control the shape of the pulse. Nonlinearities can be divided into following two 

categories [49]: 

A. Nonlinearities that originated from scattering phenomenon such as stimulated 

Raman scattering (SRS) and stimulated Brillouin scattering (SBS). 

B. Nonlinearities that originate from a light induced change in refractive index that 

can result in a variation of phase (e.g., self-phase modulation (SPM) and cross phase 

modulation (XPM)) or generation of new wavelengths (e.g., four wave mixing 

(FWM)). 

The static or dynamic material optical response is modified by the presence of 

a high electric field. This material response is expressed by expansion of polarization 

[71] 

      ( )   ( )    ( )                                         (2.40) 

where χ
(n)

 is nth order susceptibility. As silica is a symmetrical molecule, the second 

order susceptibility of silica is zero. The nonlinear susceptibilities χ
(n)

, having real and 

imaginary parts,
 
are responsible for various types of nonlinearities. The real part of 

nonlinear susceptibility corresponds to the refractive index whereas the imaginary part 

corresponds to the time or phase delay response of the material. SRS and SBS 

contribute to imaginary part of χ
(3)

 susceptibility, while FWM corresponds to the real 

part of χ
(3)

 susceptibility.  

A. Nonlinearities originated from nonlinear refraction 

The nonlinearity originates in the medium by modulation of refractive index of the 

material that depends on the input power intensity. This phenomenon is called Kerr 

Effect [49]. The beam intensities, like those generated by lasers that are of the order of 

1 GW cm
-2

, are necessary to bring about considerable variations in refractive index. 
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The optical Kerr effect is also called AC Kerr effect. The following expression 

governs the variation of refractive index with intensity 

            (   )   ( )          | |
                                     (2.41) 

where n(ω) denotes the linear refractive index in a low-intensity regime that is 

determined by Sellmeier's equation, n2 denotes the nonlinear refractive index; I denote 

the optical intensity of electromagnetic wave that associates with the electric field of 

wave E [49]. 

 The relation between n2 and χ
(3)

 susceptibility is given by [72] 

                               
 

  
  ( ( ))                                                         (2.42) 

The light intensity or the electric field variation results in modulation of refractive 

index. This varying refractive index generates the phase shift in the pulse and this 

phase shift results in a change of frequency spectrum of the pulse. In this way, extra 

frequency is generated and helps in enhancing nonlinearity. The nonlinear effects that 

originates are such as SPM, XPM, FWM, modulation instability and soliton dynamics. 

SPM, XPM and FWM nonlinear processes originates from a common source, 

which can be expressed numerically by taking into consideration the interaction of 

two beams. The net electric field can be described as [73] 

                          (   )  
 

 
[     (     )       (     )]               (    ) 

Then, substituting in (2.40) produces a variety of PNL terms: 

1.    (  )  (|  |
   |  |

 )   and    (  )  (|  |
   |  |

 )   carry both 

SPM (first term in each) and XPM (second term in each); 

2.    (      )    
   

  and    (      )    
   

  represents the FWM 

terms. 

Following discussion explains the characteristics of these nonlinearities. Their 

effect on light propagating through the fiber, their examples, and applications in the 

field of optical communication is described. 

A.1 SPM: This process works when the high-intensity pulse interacts with the 

medium, which leads to variation in refractive index which in turn generates a shift in 

the instantaneous phase of the pulse. This change is time-dependent, and it results in 

spectral broadening [74]  



25 
 

  (   )   
    

  
  

    
     

  ( )

  
     

  ( )

  
                                          (    ) 

Where k, λ and I can be defined as the wave vector, wavelength, and optical 

intensity, respectively. Additionally, P and Aeff denote the optical power and the 

effective area of mode. It is observed from Fig. 2.5 that SPM is a pulse related concept 

since a time derivative term is present in (2.44) with the leading edge of the signal 

being red-shifted and the trailing edge being blue-shifted. Moreover, it is observed 

that the pulse transmission displays characteristics oscillation that are caused by 

involvement of components of a pulse having similar frequency but different phases. 

The benefit of nonlinear spectral broadening can be seen in neutralization or 

amplification of dispersion of the fiber. It is also noted that in case of the NDR (i.e. λ 

< λZDW), red light transmits faster than blue light where the nonlinear dispersion 

dominates that leads to increased widening. On the other side, in case of ADR (i.e. λ > 

λZDW), the nonlinear dispersion is neutralized which leads to pulse shrinking, and if 

both are equal, it results in solitons formation [75]. 

 

Fig. 2.5 Self Phase Modulation 

A.2 XPM: Whenever there is a multi channel transmission in the optical fiber, XPM 

phenomena gets activated. When there is sufficient power in all the transmitted 
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channels, then there will be a change in a phase shift in each signal because of the 

presence of another signal. Due to the nonlinearity, all the signals in the fiber move 

with a more or less same group velocity. So the walk-off time would be much longer, 

and there would be strong interaction between the different signals. In this way effect 

of XPM would be much more. The broadening occurring in XPM is double as 

compared to SPM [76] since the total intensity is square of the sum of two amplitudes.  

               |     |
           

   

                                                    
    

     
[|  |

   |  |
 ]                                          (    ) 

Second beam,    
   can be expressed similarly. If one of the two beams is 

much stronger than other beam, XPM will dominantly act from pump beam to signal 

beam,. It can be clearly pointed that the two beams should overlap in both time and 

space for XPM to occur.  Overall, if dispersion is equal to zero over wide wavelength 

range, the different frequency or signals will travel with same group velocity. This 

increases the interaction that raise the XPM effect, eventually this increases the 

nonlinearity coefficient and this in relation increases the SCG.  

If polarization is also considered, some novel nonlinear effects can be 

observed in fibers. It is clear that these effects depend strongly on birefringence 

properties and the SOP of beams. This birefringence can be either intrinsic or can also 

be induced by nonlinear effects. This contribution can be given by [49] 

                                                            (|  |
  

 

 
|  |

 
)                and 
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|  |

 )                                        (    ) 

here n2 refers to the nonlinear parameter. Form (2.46), it can be easily realized 

that nonlinear birefringence and its effects must be related to optical intensities along 

the x and y direction. These parts of birefringence interfere in a similar way to that of 

XPM, which leads to the phase shift between these components [49]: 

                                                             (   )(     )                                  (    ) 

Here Px and Py in the above equation denotes the power in x and y components, 

and B denotes the fiber ellipticity. Leff is the length over which a signal would 
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propagate through the fiber if it had a constant amplitude over that length and zero 

amplitude beyond This type of nonlinear phase shift can be launched by x-polarized 

sturdy pump signal along with a randomly polarized signal.     determines the 

polarization state as the beam travels that can lead to polarization rotation i.e. optical 

Kerr effect [77,78].  

A.3 FWM: This phenomenon is similar to the inter-channel mixing. Suppose, if we 

input two frequencies, a third frequency is generated due to the nonlinearity. Due to 

this, these frequencies give a product of sum and difference frequency. All these 

frequencies lie in the same frequency band. This phenomenon is known as four-wave 

mixing [73], which is shown in Fig. 2.6.  

 

            ω1k1 

 

 k3 

   ω2k2 

                     

 k2 

 ω3k3 

 

 k1 

      T1   T2 

 ks 

     

    Fig.2.6 Four wave mixing 

B. Nonlinearity originating from scattering 

When light interacts with material, scattering phenomenon take place that can be 

linear or nonlinear in nature. Some of the important Scattering phenomenon in optical 

fiber is shown in Fig. 2.7. This type of nonlinearity is originated from stimulated 

inelastic scattering wherein some portion of the optical energy is shifted to the 

nonlinear medium.   
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B.1 SRS:  When an incident photon strikes on a nonlinear medium, new wavelength 

components are generated due to the nonlinearity of the fiber or deformities in the 

fiber. If the scattered photon is less energetic than the incident photon, i.e., Stokes 

scattering and if the scattered photon has gained energy, i.e., anti-stokes scattering 

[79]. This phenomena is totally depended on the Raman effect, and this helps in 

soliton shifting that distributes the high order solitons. At  Raman shift, the maximum 

gain is attained which is relative to the pump laser wavelength and not at a particular 

frequency [80]. 

B.2 SBS: In SBS, when the acoustic wave is co-propagating with an incident pump 

signal a Stokes wave is backscattered [81]. At the beginning of SBS, the reflected 

light enhanced sharply with incident optical power and the transmitted light gets 

finally saturated. The SBS occurs at very low threshold power compared to SRS, 

because the gain coefficient of SBS is relatively high in comparison to SRS. 

The fundamental difference between SPB and SRS is that SBS phenomena can 

occur only in backward direction while SRS can occur in both forward and backward 

directions. Another difference is that optical phonon is generated in SRS whereas 

acoustic phonon is generated in SBS. 

                                        

                                                                                           Incident Light (ν0) 

 

                                                                                                          

  Rayleigh Scattering (ν0)  

 

     Brillouin Light Scattering (ν0 ±α) 

                

            Raman Scattering (ν0 ±  )
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Fig. 2.7 Scattering phenomenon in optical fiber 
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Nonlinearity in PCFs is quantified regarding a nonlinear parameter known as 

γ, which is expressed in the following equation as follows [49]: 

          Nonlinear coefficient (γ) =  
    

     
           (2.48) 

where Aeff represents the effective area of the guided mode. The nonlinear refractive 

index n2 has the unit of m
2
/W. Therefore, γ has units of W

-1
m

-1
. Effective area of PCF 

has a great significance. It is significant in context of numerical aperture, nonlinearity, 

confinement loss, bending loss, splicing loss etc. 

The nonlinear coefficient (γ) varies directly in proportion to the refractive 

index (n2) and is inversely proportional to the effective mode area (Aeff). This 

nonlinearity can be enhanced by using materials having a higher nonlinear refractive 

index and lower effective area of the core.  

Effective area  Aeff =
(∬| |      ))

 

(∬| |     )
                       (2.49) 

The effective mode area of the fiber is defined as the area in which input light 

is confined in the optical fiber. This relation can be varied to generate various 

nonlinear and dispersion characteristics. As the effective mode area or core size 

increases, the nonlinearity will decrease [82]. For enabling the anomalous dispersion 

regime, the core size has to be smaller and controlled efficiently so that reduction of 

the size should not cross the limit as this may make the fiber distorted. Large index 

difference, which leads to tighter confinement, give PCF a higher γ, within a high air 

filling fraction. 

One more pivotal parameter for nonlinearity is the effective length of fiber 

(Leff) [83]. We can define effective nonlinear length as the characteristic length over 

which nonlinear effects become important. 

                                                            (2.50) 

 where P0 denotes the peak power of the input pulse. It is clear from eq. 2.50 

that a large γ (or long interaction lengths) is essential for efficient nonlinear 

observations. Thus during light propagation, different characteristics like dispersion, 

phase matching, polarization also have a dominant contribution to the development of 

nonlinearities.  
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 From above discussion, we can conclude that optical characteristics of PCFs 

mainly depends on the index contrast between the core and the cladding that can be 

varied by altering size of the cladding air holes, which changes the effective refractive 

index of the cladding region. Control of the effective refractive index allows 

significant engineering of fiber characteristics like birefringence, dispersion, 

nonlinearity, confinement loss, etc. With a certain value of the ratio of hole diameter 

to pitch (Λ), PCFs can support the fundamental guided mode, regardless of 

wavelength. The periodic variation in the refractive index provides better interaction 

of the guided material and the light field, and can considerably affect the optical 

properties of the composite material. 

 

2.5 Losses in PCFs 

Solid-core fibers 

Various types of losses occur during the propagation of input pulse. The inherent 

losses are a material loss. This kind of loss occurs due to the fiber material deformity 

that enhances the disruption in the propagation and decreases the propagation 

efficiency of the light pulse. Intrinsic absorption mainly due to free electrons and 

resonances associated with bound electrons and ions and impurities are the main cause 

of extrinsic absorption. 

 The optical loss αdB that can be measured in dB/km, of PCFs with a adequately 

reduced confinement loss, which can be described as [44]  

                                                   
 

  
                                                     (2.51) 

here A, B,    , and     refer to the Rayleigh scattering coefficient, the imperfection 

loss, and OH and infrared absorption losses, respectively.  

 Presently, dominant losses in the fiber are OH-absorption loss and 

imperfection loss [84].  In PCF, the OH-absorption loss is induced more than 10 

dB/km at 1380 nm and in turn, this results in an additional optical loss of 0.1 dB/km at 

around 1.55 μm. As this induced loss seems to be analogous to the intrinsic optical 

loss of pure silica glass at the same wavelength, the OH-absorption loss reduction 

becomes an significant and challenging problem. It has also been observed that OH 

impurities seem to pierce the PCF core during the fabrication process. For overcoming 
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this loss, a dehydration process can be utilized for reducing the OH-absorption loss 

[84]. 

 Another major loss is the imperfection loss that induces mainly by surface 

roughness in the air hole. These surface roughness produced by small scratches and 

contamination. At a certain wavelength, this surface roughness may also cause 

scattering loss. Hence, it is important to make the polishing and etching process better 

to lessen the imperfection loss caused by the surface roughness. In addition to that, the 

fluctuation in the fiber structural parameters at the time of fiber drawing process may 

result in an additional imperfection loss [44,84].  

 Other losses are confinement loss and splicing loss. The confinement factor 

denotes the ability of light confinement in the core region. Since the numbers of air 

ring in the PCF are finite, some power always leaks out from the core to cladding, 

which is called as confinement loss [85]. The confinement loss can be numerically 

determined as  

     (     )  
            

 
  (    )          (2.52) 

 where,   (    ) is the imaginary part of effective refractive index. 

 It is a kind of loss that occurs during propagation of light into the fiber core. 

There is always a slight confinement loss in the fiber, and it increases if the difference 

between the effective index of the core and cladding is less, also if the hole size is too 

much small. To reduce the confinement loss, the neff  difference has to be large enough 

and also the hole size should be large till a certain limit. The confinement loss may 

induce the coupling loss too, and eventually, it may distort the whole propagation over 

long haul distances. The light will propagate out of PCF if the air-holes are providing 

improper confinement. This implies that it is essential to select such features of the 

PCF design, such as, pitch or air-hole diameter and hole-to-hole spacing, to obtain 

low-loss PCFs. Especially the ratio of the air-hole diameter and the pitch should be 

selected large enough to confine light into the PCF [87,88]. Recently, a lot of research 

has been done to find the methods to design both index-guiding PCFs and PBG-based 

fibers with minimum leakage losses [89]. Confinement losses depend on the number 

of air-hole rings, particularly for fibers with the high air-filling fraction. Increased ring 

numbers can reduce leakage losses by a significant amount.  
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 The splicing loss is another loss, which occurs when the holes are collapsed 

due to the overheating of the fiber during the cascading process that is done by heating 

the two fibers to melt and joined to each other. Controlling the air hole collapsing can 

reduce this kind of loss [44]. 

 If the fibers are bent more tightly than a certainly limited radius, then these 

fibers may face additional loss, called bending loss. In conventional fibers, beyond the 

certain limit of wavelength, the light guiding is distorted and this cut off wavelength is 

termed as, ―long-wavelength bend loss edge‖. In the case of PCF, besides the long-

wavelength bend loss edge, the ―short-wavelength bend loss edge‖ is also considered. 

This is originated by bend induced coupling from low to high order modes that escape 

the core. In fact, at short wavelengths the guided mode is mainly confined into the 

material, and when the pitch becomes much greater than wavelength, the field can 

escape into the space between the air-holes. Consequently, the fiber becomes 

susceptible to bending [44]. 

2.6 Fabrication Techniques of PCF 

The fabrication of semiconductor core fiber is somewhat challenging, but various 

methods have been developed for this purpose, each having their advantages and 

disadvantages. Few fabrication methods are explained below: 

2.6.1 Stack and Draw Technique 

For any fiber fabrication, the basic step is to form a fiber preform that is a structure 

from which fiber is drawn. In case of multiple thinning method, various number of 

capillary rods and tubes made of silica are stacked and arranged in a particular way 

according to the type of lattice structure we require. This fabrication method allows us 

to have large variations in shape and size of air hole structure in the cladding, as well 

as this flexibility in design, let us have control over the index profile of the fiber. Once 

the required preform is developed, a fiber drawing tower is used to draw fibers with 

kilometres of length. The high temperature of the drawing tower enables easy fiber 

drawing. This drawn fiber is passed through a cooling chamber where the fiber is cool 

down to attain its required structure.   

 One of the major fabrication problems arrives when the air hole structures in 
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the fiber deform and do not maintain their required lattice structure. Careful 

observation is required at the time of fiber drawing process to avoid this problem. The 

last step includes adding a protective covering to the fiber to grant strength and 

robustness to the fiber structure. The produced fibers are better than standard fibers in 

physical strength as well as in working [90]. Thus, The stack-and-draw method 

includes horizontally stacking two rods of different glasses into a macrostructure 

called a multi-rod preform and then, using a fiber drawing tower, slowly pulling this 

preform through a high-temperature furnace to scale it down in size. The temperature 

can be varied, between 600°-800°C for glasses and 150°–250°C for polymers, of the 

furnace [44]. 

2.6.2 Extrusion Method 

This fabrication method is primarily used for formation of soft glass PCF. In this 

process, the preform is formed by pouring the melted glass in a die, consisting of a 

predefined desired pattern of holes. After the fiber preform, the fiber is drawn from 

the preform in a conventional high-temperature drawing tower and extremely thin 

PCFs having kilometers of length are produced [44,91]. 

2.6.3 Die-cast Process  

This fabrication process is performed into two parts as shown in Fig. 2.8 [92,93]. 

First, die is fabricated for preform of PCF. The PCF structure has glass as the 

background material and embedded air holes. To obtain die, the air holes can be 

changed with heat resisting alloy steel rods. Heat- resisting alloy steel can be used as 

the material for die because of the properties like resisting high temperature, 

oxidation, and glass etching. The die is kept in the vessel vertically with material to 

heat at melting temperature in the furnace. A vacuum pump is used for removing the 

air out of the die and glass is allowed to deposit in the die which is having negative 

internal pressure. The suitable filling rate is used to reduce mixing air bubble. When 

the die is fully filled with glass, the vacuum pump is removed and it is kept inside the 

furnace for annealing. When the die temperature approaches room temperature, the 

outer tube and two disks at the ends of the die are removed. To eliminate heat-

resisting alloy steel rods, die is etched with an acidic solution. Further, in order to 

remove residual waste of metal, die is etched in a 20% hydrofluoric acid solution. 

Ultimately, the etched bundle is put in a furnace to dry so that it can be used as a PCF 
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perform. In order to achieve replica of hole shape and periodicity of the fiber, the 

outer diameter of the preform was thinned suitably in the drawn fiber tower at melting 

temperature.       4  

                                        

 

 3 

        

 

 

       1 

       2 

1. Vessel, 2. Furnace, 3. Die, 4. Vacuum hose 

Fig.2.8   Setup of PCF preform fabrication in Die-Cast Process. 

2.6.4 Sol-gel Technique 

Initially the sol-gel casting technique was expanded to generate large jacket tubes for 

optical waveguides . It was further evolved to fabricate MOFs [94,95]. A mold 

consisting of an array of mandrel elements is set-up and then supplied with colloidal 

silica distributed at strong pH having an appropriate mean size of the particle. The pH 

of the sol is reduced to the gel level. The mandrel elements are removed when the gel 

is still wet and leaving air columns inside the gel body. After that, impurities related to 

Water, organic and transition metals are reduced by considering the gel body 

thermochemically. The dried porous gel body is then moulded at 1600  C into a 

viscous glass and then drawn into the optical waveguide. For achieving required size 

and air-filling fraction, the air holes are pressurized during the draw. The mandrels are 

stretched separately and a digital camera observes their spacing and position to keep 

the consistency along the length of the preform. The sol-gel technique can be used to 

design any structure that can be transformed into a mould.  
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 Comparing this method with stack and draw technique, stack and draw 

technique can only be used for compact structures such as hexagonal or triangular 

lattices and difficult to design circular structures. Drilling methods can be used to 

change the size of hole and spacing between the holes, but are restricted to a small 

number of holes and confined to circular shapes. Extrusion methods allow flexibility 

of design, but are normally limited for soft glasses which have large amount of 

material loss [96]. The sol-gel casting technique is having extra freedom of design that 

is necessary for fibers with small-bend loss, dispersion flattened waveguides or 

birefringent fibers because they need unconstrained structure. However, to implement 

the sol-gel technique, we need to deal with certain challenges. During the wet gel 

stage, elements of the mandrel are detached, while the gel body is weak. Removing of 

mandrels at this stage applies pressure on the gel that can lead to cracking of gel 

bodies and decreasing the overall yield. The low air-fill fraction glass preforms are 

etched with hydrofluoric acid solution uniformly along the length of the preform to 

obtain high air-fill fraction fibers. Thus, the sol-gel method is a cost effective and low-

temperature process which provides the facility of controlling the chemical 

composition of the product [94].   

 While dealing with the fabrication problems, the major problem is deformity in 

the fiber structure and new air hole emerging in the fiber structure. When the fiber is 

drawn in a fiber drawing tower, often the air holes get deformed leaving their desired 

structure. This problem is vividly seen in case of a square lattice of circular air holes 

where the air holes tend to occupy the outer geometry structure, that is the air holes 

tend to be square in shape. This undesirable effect of deformity in air holes and new 

air holes emergence at the time of drawing of fiber can be avoided by precise control 

of the fabrication process. A way to avoid this effect is by adding more rings of 

capillaries around the fabricated structure. This will not only prevent deformities of air 

holes but will also provide robustness to the fiber structure. In addition to that, little 

other prevention can be taken to avoid such flaws in the fiber structure including 

having precise control over the temperature distribution of the fiber drawing process 

and the temperature in the oven. Moreover, control over the rate at which the fiber is 

fed and drawn from the fiber drawing tower allows us to avoid the flaws in the fiber 

structure [44,90]. 
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2.7 Applications 

In the preceding section 2.4, some basic properties of PCFs were described. Due to 

the inherited unique properties and better control over them generates numerous 

applications in the optical domain.  Some of the latest applications attracting 

researchers are nonlinear properties of the PCF. Most attractive nonlinear phenomena 

in PCF is a SCG in PCFs which is having a number of applications as optical 

coherence tomography and spectroscopy. HNLF are a key element for all-optical 

signal processing at speed beyond the limits of electronics.  

 The following section reviews some devices that demonstrate the potential of 

PCF for practical applications. 

2.7.1 Polarization Maintaining Fiber 

PMF is a special type of fiber that has a built-in strong birefringence. This kind of 

fiber is a contrary solution to the effects caused by the stress and bendiness of the fiber 

[97]. High birefringence fibers are having well-known applications of intentionally 

introducing birefringence, which is introduced by fabrication process into the fiber. 

Due to this reason, these fibers have the property of maintaining the SOP of the input 

wave. The aim of introducing high birefringence is that when the light is incident on 

this fiber, the modes which are polarized orthogonally, they should be guided 

separately so that coupling between modes can be reduced up to great level [57]. If the 

light is properly guided and is coupled to only one of the polarized modes, then most 

of the light maintains its polarization. The polarization-holding capability of a 

birefringent fiber is known as beat length Lb, which is given by 

   Lb = 
  

     
 = 

 

     
             (2.53) 

 Where βx and βy denote the propagation constant and neff denotes the effective 

indices difference of two modes which are orthogonal at wavelength λ. Lb denotes the 

light propagation length after which the phase difference between two fundamental 

modes is 2π. So high birefringence leads to polarization holding capacity.  

PMF can be realized by making the cladding in the elliptical shape around the core or 

by using an elliptical core. These techniques can help in introducing birefringence 

without any need of stress in the fiber. In this kind of fiber, the production is quite 
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complicated and expensive for long distance transmission and also the propagation 

losses may be high [98]. 

 

Fig. 2.9 Three types of conventional PMF 

 As shown in Fig. 2.9, PANDA or Bow-tie fibers [99], can achieve high 

birefringence up to 10
-4

 by applying stress to the core region of a standard fiber [100]. 

2.7.2 Dispersion Compensation Fiber 

In long haul high data rate transmission systems, dispersion is one of the critical 

parameters in an optical link because it widens the pulse and restricts the available 

bandwidth of the system. To properly compensate the positive dispersion over a large 

distance, dispersion managing schemes should be applied. As we know, if the 

wavelength of the wave is centred around 1.55 μm, then the higher wavelengths 

propagate with small velocity and the smaller wavelengths of wave propagate with 

larger velocity. This will help in broadening the pulse, and this happens in the ADR 

where the blue-shifted part will travel faster than the red-shifted part. This broadening 

of pulse creates problems when information is to be transmitted for long distance. This 

broadening of pulse signifies that this pulse has inter symbol interference with the 

second pulse and no identifiable data will be received at the output. Thus, broadening 

of pulse limits the rate at which pulse can be propagated through the fiber. This will 

indirectly affect the available bandwidth [101]. Therefore broadening of pulse lower 

the bandwidth of the fiber. 
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Fig. 2.10 Dispersion compensation fiber 

To combat this limitation, an optical fiber with negative dispersion is required. After 

traveling certain length in such a fiber, where the group velocity varies. This will let 

the red shifted part travel faster than the blue shifted part and this occurs in the NDR. 

In this way, the wave tends to reshape itself into its normal form or in other words, get 

compressed. This is how the DCF phenomenon occurs. This phenomenon is shown in 

Fig. 2.10. 

 Since joining of the DCF to fiber optical system will increase the total loss of 

the system and so it would be problematic at detection end. By having very large 

negative dispersion coefficients, the required length of the DCF can be reduced [28]. 

Thus, it is significant to put research effort to get very large negative dispersion. 

 The DCF having large negative dispersion has various applications in tunable 

wavelength converter, RDCF and SCG [102]. Additionally, through properly 

generated large negative dispersion by accurately tailored fiber parameters, low 

positive dispersion, and long distance transmissions can be ensured.  

2.7.3 Supercontinuum Generation 

Supercontinuum is generated when multiple nonlinear processes and consideration of 

various parameters contribute together where input ultrashort pump pulse with high 

peak energy is transformed into light with very broad spectral bandwidth [44,103]. It 

is generally accomplished by transmitting optical pulses through a strongly nonlinear 

medium. This process needs various nonlinear processes such as SPM, XPM, FWM, 

Raman Scattering and Soliton dynamics [104]. It has various useful applications like 

gas sensing, molecular spectroscopy, cancer detection, optical coherence tomography, 
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food quality control, biomedicine, optical frequency metrology, an optical source for a 

WDM communication system, wideband tunable wavelength conversion, fluorescence 

microscopy and flow cytometer [103,105,106]. The priority for SCG is given to the 

PCF due to its capability of the variable parameter that can be altered as per the 

requirements. Also, the light beam can be strictly confined to the core area by adding 

a higher number of air holes to the cladding or increasing the size of the holes or 

increasing the effective index difference, which can help in reducing confinement loss 

in the pulse propagation over long haul distance. SCG is done in two regimes, those 

are, NDR and ADR [10]. Also, in two IR regions, SCG is gaining in attention such as 

mid-IR region and near IR region. The mid-IR region is considered as important for 

various applications because the fundamental molecular vibration absorption bands 

present in this region are found to be sturdy compared to the combinational absorption 

bands that exist in near IR region. It is based on the working wavelength range of 

applications that what IR region or regime we want to work on [107]. 

 Furthermore, SCG can be held in both the ways where the pulse may just 

broaden in the outcome or new frequencies are generated in terms of solitons, is 

shown in Fig. 2.11 [108]. Mainly, in ADR, soliton dynamics, modulation instability 

and Raman scattering [109] is used as nonlinear processes as it helps in generating the 

stable wave through the whole distance. Additionally, higher order soliton pulses are 

very important in long distance optical fiber communication. Soliton pulses can be 

formed when the nonlinearity and dispersion in the fiber cancel each other. When 

propagating in the fiber, the soliton pulses are subjected to the Raman Scattering. 

Through Raman Scattering, the pulses with different frequencies are generated having 

different energy levels [108]. This causes an overall spectral shift of soliton towards 

longer wavelength, i.e., a soliton self-frequency shift [110]. The strength of this effect 

depends on the pulse duration since shorter pulse exhibits a higher peak power and a 

broader optical spectrum. Additionally, it is beneficial to have high order solitons as 

higher the order more will be the distribution of solitons and broader will be the 

output pulse[109]. The basic condition for this process is to first consider the pumping 

in the ADR and close to the fiber‘s ZDW or specifically pump wavelength greater 

than the ZDW for enabling ADR[10]. The ZDWs help in suppressing the distortion 

and so it is found beneficial to generate more of these. For generating high order 

solitons in order to broadening the spectra of stable pulses under SCG, the power of 



40 
 

the pump pulses has to be high enough. As higher the power of the pump, higher will 

be the soliton order. If the high order soliton pulse is achieved, it will break into N 

red-shifted solitons with varying group velocities. 
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Fig: 2.11 Display of SCG by Soliton radiation and Non Soliton radiation 

 The distributed solitons pulses having leading edge of higher wavelength and 

the trailing edge of lower wavelength. In ADR, blue-shifted part (high frequency) will 

travel faster than the red-shifted part (low frequency). On the other hand, the higher 

wavelength part will travel faster than lower wavelength part of the pulse in the case 

of NDR. Additionally, when the dispersion is anomalous, and nonlinearity is present, 

the frequency chirps produced by dispersion and SPM or any nonlinear process is 

contradicted by each other[111]. 
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 In this way, there is a possibility that in ADR, the two chirps generated cancel 

each other and give chirp-free pulse when LD = LNL. In this state, neither the pulse 

contracts nor it broadens and remains stable over a long distance. This near to 

impeccable pulse is called soliton. The soliton dynamics is numerically based on the 

nonlinear Schrödinger equation that consists of the loss, dispersion, and nonlinear 

parameter. Also, this equation describes the low loss transmission of soliton in optical 

fiber[103]. It is given as 

  

  
    

  

 

   

      
 

 
      | |             (2.54) 

                Dispersion   Loss  Non-linearity  

 The SC is generated from dispersion characteristics also. When the input light 

is not much intense, the GVD parameter (β2) has a big role in pulse broadening as it 

varies with the wavelength of the pulse. The chirp is added to the pulse due to the 

GVD, and this added chirp will be negative or positive that depends on dispersion 

regime of the fiber, i.e., ADR or NDR. Due to the high influence of GVD, the pulse 

only gets broaden; no new frequency components get generated [111]. The group 

velocity is given by 

                                                                          
 

  
 

   

  
            (2.55) 

 Moreover, the input pulse is generated with two types of pulse width, i.e., 

femtosecond pulse and picosecond pulse. However, it has been examined that shorter 

the pulse, broader will be the output wave.  

 Self- Steepening Process: For intense optical pulse the refractive index and 

group velocity depend on the intensity of light[103]. So, when the intensity of light 

varies, the variation is introduced in the group velocity, and due to this, propagation 

speed of pulse peak becomes different from the leading and trailing edge speed. 

Consequently, if n2 is positive then the pulse tries to form a shock at the trailing edge 

and for negative n2 the pulse tries to form a shock on the leading edge. The Raman 

scattering has a big participation in leading to a self-steepening effect, which can lead 

further to the breakup of higher order solitons called soliton fission. This effect has a 

major contribution in the SCG. The influence of self-steepening on the propagation of 

higher order solitons is that it leads to the breakup of higher order solitons into N 

fundamental solitons [109]. 
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 Raman Effect: The proper and dominant nonlinear effect for SCG is the 

Raman effect as in the initial stage of SCG process it helps in generating additional 

spectral components. The principle of Raman scattering is that when a higher 

frequency pump-laser light propagates along the fiber length, it scatters off atoms in 

the fiber, this lets the signal to loose some energy to the scattered atoms. These 

scattered atoms act as the additional spectral components generated during the 

propagation that will help in broadening of spectra [103].  

 Hence, through the utilization of nonlinear effects, additional red-shifted 

spectral components are generated that contribute in broadening of the spectrum in the 

output. The output pulse eventually becomes highly stable through nonlinear 

processes and is eligible for propagating in long haul distance in the fiber. In this way, 

the SC is generated in PCF and studies are focusing on improving this phenomenon 

day by day, so that it can be applied in various applications more efficiently.  

2.7.4 Coherent optical fiber communication 

Although coherent detection is relatively new in optical communication. It has been 

around in Radio Communication for a long time. In the history of Lightwave 

technology development, a more important reason behind the coherent detection 

research work is its ability to amplify the received signal optically for better SNR 

[63,64]. Number of researchers have been explained various practical limitations in 

the development of coherent digital  optical fiber communication systems. These 

limitations are mainly associated with the components of coherent digital optical fiber 

system. Development in component technology associated with coherent optical fiber 

communication (COFC) has resolved the difficulties up to a certain extent, still it 

needs more investigation. So it becomes important to study major limitations and their 

effect on the choice of system component. The components of coherent optical 

communication system which need specific requirement to achieve desired 

performance of the system are transmitter, receiver and transmission medium. Our 

research work is emphasized on the properties of transmission medium to achieve 

desired performance of COFC. As for COFC system, polarization, phase and 

frequency of transmitted optical signal and locally generated carrier signal must be 

matched to recover the message signal efficiently at receiving end. To achieve these 
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matching requirement of COFC, the properties of transmission medium such as 

attenuation, dispersion, birefringence play a important role. 

For coherent optical communication detection the primary condition at receiver side is 

that the SOP of transmitted signal and locally generated carrier should be matched. To 

achieve this condition SOP of transmitted signal through optical medium must be 

maintained. Proposed structures of PCF have very large value of birefringence so beat 

length of fiber will be small and polarization will be maintained throughout the 

transmission fiber. So, at the receiving end, matching of polarization can be achieved 

easily. 

Secondly, to provide coherent optical detection, dispersion of transmission medium 

can be reduced by using low-loss, DSF, with a zero dispersion in the 1.550 μm 

wavelength window. This solution is only partially satisfying in that there is a great 

base of installed conventional fiber. Additionally, the low-dispersion region in any 

fiber is narrow when compared to the range over which the fiber supports optical 

transmission. This limitation may become important in future multi gigabit 

wavelength-multiplexed systems. Alternative approach to overcome this limitation is 

that Chromatic dispersion can be compensated, in principle, by using an optical 

component with the opposite dispersion of that in the fiber [63,63]. Proposed PCF 

structures are able to provide chromatic dispersion that is opposite to dispersion of 

fiber, and achieved value of chromatic dispersion is -1251 ps/(nm.km) . Hence, by 

using these designs certain constraint of transmission line associated with COFC 

system can be resolved and system performance can be improved. 

2.8 Summary 

Through this study, it is understood that PCFs have more design flexibility that 

provides better control over fiber characteristics. The extraordinary features of PCF 

are proven to be beneficial for numerous applications. Proper fabrication techniques 

can reduce losses incurred during propagation. This study of PCF will be helpful in 

understanding the rest of the thesis. 
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Chapter 3: Research at a Glance 

3.1 Introduction 

This historical review of the fiber optics marks a huge importance as it covers the 

milestones achieved by various researchers from 2000 to 2017. Till now, significant 

researches have been done on this field and improvements in the characteristics of 

PCF has been achieved. Moreover, the possibility of a wide area of applications this 

concept provides, have been increasing day by day and in fact have been proven to be 

an impactful and beneficial for the present innovative generation.  

3.2 Research contribution in past 

In 2000, the progress of advancement in PCF was observed. As with the introduction 

of ESM fiber in 1997, the PCF has been gone through many changes, and in this 

whole duration, many applications have been explored such as SCG, sensing 

applications, high sensitivity spectroscopy and ultra short-pulse lasers and amplifiers. 

Major applications require un-distorted pulses guiding through PCF, and this needs 

low dispersion and high birefringence [112]. The birefringence concept in PCF was 

first introduced in the year 2000, and from then it has been widening its area of 

applications. It can be utilized in polarisers, helps in making PCF insensitive to the 

temperature and is also being used in medical field [113]. The desired dispersion can 

be generated in PCF by its proper fabrication and variation of structural parameters. It 

is required to have flattened negative dispersion due to the need of better optical signal 

transmission systems over a long distance, as it provides an undistorted pulse. 

Additionally, as PCF provides us a facility of tailoring its structural parameters, high 

nonlinearity in PCF can be attained through this as it proves to be a promising 

characteristic for optical parametric amplification, Raman amplification, FWM, SCG 

for metrology and optical coherence tomography (OCT). A. Ortigosa-Blanch et al., 

have designed a silica PCF with hexagonal structure explaining the concept of 

birefringence, it has the immense applications in optical telecom components and in 

controlling light in long transmissions systems. In this study, the birefringence 

achieved is 3.7×10
-3 

because of high refractive index contrast in the fiber [22]. W.J. 

Wadsworth et al., have unanimously designed a pure silica triangular lattice PCF and 
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achieved solitons at 850nm with GVD of large 50 ps nm
-1

 km
-1 

and small <10 ps nm
-1

 

km
-1 

and low loss [114].  

 In 2001, the progress continued in the direction of exploring more applications 

with the required results through PCF. N. Nishizawa et al., designed a silica PMF with 

the small size core having large nonlinear coefficient 21 W
-1

km
-1 

and achieved 

birefringence is 3 ×10
-4

  [115]. Albert Ferrando et al., have designed a UFD silica core 

PCF with a hexagonal structure having a dispersion of ±43 ps nm
-1

 km
-1

, else 

birefringence and confinement loss are not calculated in this study. The magnification 

M and air filling fraction f have been analyzed for dispersion characteristics [116]. 

Kazunori Suzuki et al., proposed a silica PMF with decagonal structure inducing 

birefringence of 1.4x10
-3

. The high birefringence is achieved by enlarging the two 

center holes [57].  

 The study is continued to achieve better results through optimized PCF and in 

2002, K.P. Hansen et al., designed a silica PCF with triangular lattice including 6 

rings of air holes having high nonlinear coefficient  20 W
-1

km
-1 

 and birefringence of 

1.1×10
-4

 [117]. In addition to this, P. St. J. Russell proposed a silica containing two 

MOFs with a very small core and a hexagonal structure having a dispersion of 0 ± 0.6 

ps/nm.km within 1.24 μm-1.44 μm wavelength range and 0 ± 1.2 ps/nm.km dispersion 

within 1 μm-1.6 μm wavelength range. Average dispersion slope is found to be 

9.98×10
-4

 ps/nm
2
.km and confinement loss is 0.56 dB/m at 1500 nm [118]. Bishnu P. 

Pal optimized a silica dual core DCF with triangular structure core having a negative 

dispersion of -190 ps/(nm km) in the S- and C-bands and residual dispersion of ±0.4 

ps/(nm km) within the C-band [119]. 

 The need of high nonlinearity, low dispersion, and high birefringence 

increased to meet the necessity of the growing applications in the optical domain. In 

2003, K. P. Hansen proposed a silica hybrid-core nonlinear PCF has a triangular 

lattice that induced a flattened dispersion of 0.001ps/(km·nm
2
). Also the nonlinearity 

coefficient greater than 11 W
-1

km
-1

 and loss below 7.9 dB/km at 1.55 µm was 

attained. The proposed fibers consist of a three-fold symmetric hybrid core region 

having a germanium-doped center element (n=1.487) covered by three fluorine-doped 

regions (n=1.440) embedded in a standard triangular air/silica cladding structure 

[120]. L. P. Shenet et al. have attained a large negative dispersion of -474.5 ps/nm/km 

in silica core DCF with circular air holes and five rings that can compensate SMF 
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within ±0.05 ps/nm/km over a 236-nm wavelength range [121]. A. Peyrilloux et al., 

have designed a silica hexagonal PCF that induces the birefringence below 10
-4

 [122].  

 Furthermore, various experiments have been done by introducing deformities 

in the fiber to achieve the required results. So in 2004, F. Poli proposed a large hole 

silica hexagonal PCF where the size of the holes of the first, second, and third ring are 

varied for increasing the nonlinearity, inducing large negative dispersion of -1430 

ps/(km.nm) and high nonlinear coefficient of 76 W
-1

 km
-1 

is achieved [123]. F. 

Gérôme proposed a silica dual-concentric-core PCF is achieving negative flattened 

dispersion of – 2200 ps/(nm.km) at 1.55 μm. The outer diameter of fiber has been 

varied and the winding of fiber is done to control the dispersion [124].In the same 

year, P.R. Chaudhuri et al., designed near elliptical core PMF with an octagonal 

structure having 10
-3

high birefringence. Having hole size 0.7 provides the maximum 

birefringence in this study[125]. The study continues with the purpose of achieving 

more suitable results by varying the fiber structure parameters.  

 In 2005, F. Poletti et al. designed a pure silica ultra-flattened dispersion holey 

fibers with hexagonal structure achieving the flattened dispersion of 0±0.1 ps/(nm.km) 

and high nonlinearity coefficient of 44 W
-1

·km
-1 
at 1.55µm. Λ has been changed to 

small values, i.e., 0.5–2.5 µm, to ensure having large nonlinear coefficient [126]. On 

the other side, T. Wu demonstrated the dispersion of 0 ± 0.25 ps/(nm.km) over 1295 

to 1795 µmin silica PCF having four rings triangular lattice with two different air-hole 

sizes[127]. Kunimasa Saitoh et al. proposed a silica fiber with six fold rotational 

hexagonal symmetry and numerically analyzed. The dispersion of 0.1 - 0.3 

ps/(km·nm) over 1.41 to 1.68 μm, confinement loss less than 0.1 dB/km at a 

wavelength shorter than 1.7 μm and birefringence of 3.7 × 10
-3

 is obtained [128].  

 Moreover, efforts have been made to achieve results applicable to broad 

wavelength range. In 2006, Aleksandr V. Mitrofanov et al. designed a silicate glass 

PCF with hexagonal lattice having nonlinearity coefficient 25 W
-1

km
-1

 and inducing 

high birefringence of 1.2×10
-3

 at 1.24 μm. This design is suitable for high-spatial 

resolution and high-spectral-contrast nonlinear Raman micro spectroscopy[129]. 

Nikolaos Florouset et al proposed a new silica PCF with the hexagonal symmetry 

having flattened dispersion of 6.3 ± 0.5 ps/km/nm in the S+C+L wavelength band. 

Artificially created irregular air-hole ring in the cladding of the PCF for increasing the 

effective mode area and modulation of the core‘s effective index helps in controlling 
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of dispersion in this PCF [130]. In the same year, Krishna Mohan Gundu proposed a 

silica glass hexagonal structured PCF with the liquid hole filling technique that 

induces the dispersion of 0±0.5ps/nm-km over 430-510nm [131]. 

 In addition to achieving low dispersion, efforts to achieve low loss and highly 

nonlinear materials are also made in further studies as in 2007, Songbae Moon et al., 

designed an optical fiber doped with silicon nanoparticles that achieved a large 

nonlinear refractive index of 1.5×10
-15

 m
2
/W at 1565 nm [132]. S.M. Abdur Razzak et 

al., designed a four ring octagonal PCF having a defected ring that is obtaining a 

dispersion of ± 0.50ps/(nm-km) over 1.31 to 1.70 nm, also confinement loss less than 

0.001dB/km is obtained over 1.31 to 1.65 mm band. The fiber with these parameters is 

suitable for ultra flattened dispersion applications [133]. D. Chen et al. designed a 

high birefringence PCF with hexagonal lattice consisting of elliptical air holes having 

a large birefringence of 10
-2 

[60]. The benefits of slot structure waveguide realized in 

further years as it provides better nonlinear characteristics and good confinement.  

 In 2008,  ArismarCerqueira S. Jr et al. proposed a fiber for generation of FWM 

products having a nonlinear coefficient of 215 W
-1

·km
-1 

and low dispersion of 0.3 

ps/nm.km. Comb-like dispersion profiled fibers have been used to obtain the efficient 

generation of FWM products [134]. Zheng Zheng proposed a SOI-based slot structure 

has dispersion curve in NDR at 1500 nm [135]. In the same year, Chen Ming et al., 

designed a new type of PCF having four big elliptical air holes in the center having a 

birefringence of 2.263771×10
-3 

[136]. As to generate more stable pulses for 

undistorted transmission, more studies have been done for eliminating the trade off 

effects. In 2009, flattened dispersion of 0 ± 0.65 ps/(nm.km) over1.36– 1.62 μm was 

achieved by Feroza Begum et al., and nonlinear coefficient greater than 45 W
-1

 km
-1

 

and low dispersion slope of 0.009 ps/(nm
2
.km) at 1.55 μm wavelength is also 

obtained. The silica PCF is considered with two types of air holes chosen to have 

hexagon structure for obtaining near zero dispersion [137]. On the other hand, F. 

Begum et al., have achieved a large negative dispersion coefficient in the range of -

260 ps/(nm.km) to -525 ps/(nm.km) over 1.46 ~ 1.63 μm that apply to 40 Gb/s 

transmission systems and RDS value is 0.0039 nm
-1

 at 1.55 μm. The PCF with 

hexagonal structure is used with nine rings and three different sizes of air holes [138]. 

L. An et al., proposed a PCF is having a rectangular distribution of four air-holes and 

the elliptical shape of the holes induces high birefringence of 10
-2 

[139]. A similar 
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order of birefringence was achieved by H. Ademgil et al., who have introduced a 

silica–glass core PCF with a decagonal structure having three different sizes of air 

holes while maintaining the strong confinement. In this structure, high nonlinearity 

coefficient of 49 W
-1

·km
-1 
at 1.55 μm and low confinement losses is also attained as it 

has minimal bending effects because of low effective mode area. The designed PCF 

with achieved results can be used in controlling of optical sensors and 

telecommunication systems [140]. Lin An et al., proposed a fused silica SPSM PCF 

has a hexagonal lattice with four identical elliptical air holes in the core region 

through which small mode area and near-zero dispersion is realized. Also, the high 

nonlinearity of 116 W
-1
 km

-1
 and GVD around 0−10 ps/(nm.km) near to 820 nm 

wavelength is attained. Having these results, this PCF can be utilized in applications 

like parametric amplification, SCG and wavelength multicasting [141].  

 Research with slot waveguides continued with selecting different materials to 

achieve better results. In 2010, Ya-Ni Zhang et al., designed a silica core PCF having 

squeezed hexagonal lattice structure with elliptical air hole that is showing 

nonlinearity coefficient as 150 W
-1
 km

-1
, low dispersion of ±2.5 ps nm

-1
 km

-1
 over 1.43 

to 1.8 μm and birefringence of 2.5×10
-3

 at 1.55 μm [142]. Lin Zhang et al. proposed 

highly nonlinear silicon slot waveguide having a dispersion of 0±0.16 ps/(nm·km) 

over  244 nm bandwidth and As2S3 slot waveguide having a dispersion of 0±0.17 

ps/(nm·km) over a 249 nm bandwidth. The silicon waveguide is considered as better 

than As2S3 waveguide regarding inducing high nonlinearity due to large refractive 

index contrast [143]. Further, Lin Zhang et al. proposed a silicon strip/slot hybrid 

waveguide is having flattened dispersion of 0 ± 16 ps/(nm·km), over a 553-nm 

wavelength range. Three ZDWs have been generated for the first time with this 

waveguide and also this waveguide has been considered as highly suitable for 

propagating more confined light with high nonlinearity [144]. Additionally, Yongmin 

Jung et al., have worked on a silica microfiber with elliptic holes and the large 

contrast in refractive index provides high group birefringence, B=5.3×10
-3

 at 1.55 μm. 

This microfiber offers control within high-resolution optical sensors, fiber lasers and 

resonators [145].  

 Furthermore, in 2011, Yoshinori Namihira et al., proposed a pure silica doped 

with germanium PCF having an octagonal lattice that is suitable for achieving high 

nonlinearity. The large nonlinear coefficient of 56.3 W
-1

 km
-1 

and flattened dispersion 
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of around -1 ps/(nm.km) is obtained in this PCF [146]. Efforts have been made for 

more flattening of dispersion or compensation of dispersion as Feifei Shi proposed a 

silica ultra flattened fiber with the defected core and hexagonal structure to obtain 

high birefringence and two-mode propagation, having dispersion -0.8 - 0.2 

ps/(km.nm) within 1.5 to 1.65 μm wavelength range. High birefringence of 0.0014 

and confinement loss less than 10
-3 

dB/m is also proposed [56]. In the same year, Ali 

Rostami proposed a dispersion profile of 2.9±0.5 ps/(km nm) in the S+C+L band with 

the variation of the effective mode is greater than 80 μm
2
. The PCF used having silica 

core with four air holes in a square structure within it and cladding has a hexagonal 

lattice. This structure has significantly brought effective variation in dispersion profile 

and effective mode area[147]. Furthermore, DCF has been playing a major role in 

compensating the dispersion through large negative dispersion and researchers have 

been a penchant for achieving large negative dispersion.  

 In 2012, Huizhen Xu et al. has achieved a high nonlinearity coefficient of 31.5 

W
-1

 km
-1 
having low dispersion slope of 5.12×10−4  ps/(km·nm

2
) in the fluorine-

doped trench-assisted structure [148]. Md. Selim Habib proposed a silica triangular 

lattice Dispersion Compensating PCF with nine rings and three different sizes of air 

holes having diameter d1, d2 and d, also third and fourth air hole ring is reduced that 

attained a negative dispersion of −360 ps/(nm.km) at 1.55 μm over 1460-1640 nm. 

This proposed fiber is capable of compensating in 10 Gb/s DWDM optical 

communication systems [149]. Then, So Eun Kim et, al, proposed an elliptical 

defected core fiber is having the hexagonal structure of elliptical holes with a high 

birefringence of the order of 10
-2

 [150]. Cheng Cheng Gui et al., have shown a study 

on soft-glass Elliptical–Spiral PCF, which has achieved nonlinear coefficient of up to 

3089/3079 W
-1

 km
-1

, low dispersion of -95.45 to -372.6, 153.2) ps/ nm/km and high 

birefringence of 0.05554 over 1000–1800 nm [151]. Ming Zhu et al. came up with a 

design of silicon dual slot waveguide generating four ZDWs that is inducing high 

nonlinearity of 93.6 W
-1

 m
-1 

and flat dispersion in the range of -24 to +22 ps/(nm·km) 

at 1098 nm. This structure with the achieved parameters is beneficial for surface 

sensing devices and mid-infrared applications [152]. With the increasing work on 

PCF, Md. Asiful Islam, et al., designed silica Equiangular Spiral PCF that induces 

higher negative dispersion of -393 ps/nm km and high birefringence of 0.0278 at 1.55 

μm. This ES-PCF is suitable for WDM optical fiber transmission system for RDCF 
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[153]. Sejin Lee et al., have proposed a silica hexagonal PCF using hollow ring defect 

that shows a flattened dispersion of 0±0.51 ps/nm km at 1.44–1.61 μm with the 

maximum slope of −2.7×10−2 ps/nm
2
 km. Also, confinement loss is found to be less 

than 5.75×10
-8

 dB/m. This PCF with such results have managed to eliminate the trade 

off, and so control on dispersion and losses is increased [154].  

 Also, to achieve large negative dispersion, it is necessary to regulate DCF over 

a long distance, and so further studies have been done in this direction. In 2013, 

Mariusz Klimczak et al. contributed a hexagonal lattice tellurite PCF inducing high 

nonlinear coefficient of 238.6 W
-1

 km
-1

, birefringence below 10
-6

 and tellurite glass is 

seems to be very much suitable for SCG in this study [155]. M. M. Haque et al., 

proposed a silica core circular PCF with five air hole rings having a large negative 

flattened dispersion of -248.65 to -1069 ps/(nm.km) compensating in the range of 

1360-1625 nm. Residual dispersion after compensating 40 km long SMF is within ±62 

ps/nm [156]. In another study proposed by M. Samiul Habib et al., dispersion of 0±0.8 

ps/nm/km over 1.33 to 1.71μm is achieved with splice loss 3.82 dB at 1.55 μm. The 

hexagonal lattice PCF was designed for this purpose with the silica material, and large 

size outer diameter is chosen to increase the confinement [157].Additionally, M. 

Samiul Habib et al., introduced a polarization maintaining spiral PCF having material 

SF57 with defects that offer high birefringence of 0.09 at 1.55 μm and Nonlinear 

coefficient of 7326 W
-1

 km
-1 

and 3919 W
-1

 km
-1 

at 700 nm and 1050 nm. This kind of 

fiber majorly contributes to SCG [158]. Xu et al. proposed a silica square lattice PCF 

is having two different size of air holes, which realizes the dispersion low as ±12.6 ps 

km
-1

 nm
-1

, the birefringence of the order of 2.1 ×10
-3 

and the nonlinearity coefficient is 

about 28 W
-1
 km

-1
. This proposed PCF can have wide applications in Raman 

amplifier, wavelength converter and SCG [159].  

 Furthermore, the multifarious researches were done in 2014 by varying fiber 

parameters as to make the all-optical signal systems more efficient. Jianfei Liao et al., 

have proposed a silica slot core with square lattice of circular air holes and due to the 

small mode area, high nonlinear coefficient of3.5739×10
4
 W

-1
 km

-1
 and birefringence 

of 0.5015is achieved in this slot waveguide [160]. Xuyou Li achieved the higher 

nonlinear coefficient in the same year, that is, 33.2 W
-1

 · km
-1 
at 1.55 μm in the silica 

hexagonal PCF. Additionally, nearly zero ultra-flattened dispersion of 2.3 ps∕ nm · km 

with a dispersion variation of 0.2 ps∕ nm · km over the C+L+U wavelength bands and 
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dispersion slope of 2.2 × 10−3 ps∕nm
2 

was also achieved [161]. Jianfei Liao et al., 

have worked on a highly nonlinear fused silicon PCF with 6 spiral arms inducing high 

nonlinear coefficients greater than 224 W
-1

m
-1 

in quasi-TE mode and 226 W
-1

m
-1

 in 

quasi-TM mode at 1.55 μm. Also ultra flattened dispersion of 0.91 ps/(nm·km) in 

quasi-TE mode and 1.33 ps/(nm·km) in quasi-TM mode is achieved over 150-nm, and 

two near-zero dispersion slopes of −1.25 × 10−3 ps/(nm2·km) in quasi-TE mode and 

−4.82 × 10−3 ps/(nm2·km) in quasi-TM mode at 1.55 μm is also attained. Achieving 

these parameters make the PCF very beneficial for all-optical signal processing 

applications [14]. Jin Hou et al. proposed a silica hexagonal PCF with still air holes by 

rotations of inner air-hole rings around the fiber core. This is inducing normal UFD 

PCF, and its corresponding dispersion −21.1±0.7 ps∕ km·nm over 1.5–2.0 μm and 

anomalous corresponding dispersion variations are −11.1±0.8 ps∕ km·nm over 1.25–

1.65 μm [162]. A. Sonne et al., proposed a rectangular lattice PCF with small elliptical 

air holes in the core, obtaining high birefringence of 5.16 × 10
-2 

with low confinement 

loss 0.003 dB/km over 1–1.76 μm [163].The study on PCF characteristics continued 

with Fei Yu, et al., who proposed a silicon PCF with ellipse–rhombus air core 

achieving birefringence of the order of 10
-3 

and nonlinear coefficient of 0.018 W
-1

m
-1

. 

This PCF has mode area less than 8 μm
2 

due to which the fiber has low loss [164]. M. 

Samiul Habib et al., have proposed a silica hexagonal lattice SPSM DCF obtaining 

negative dispersion coefficient of −712 ps/(nm km) and RDS of about 0.0036 nm
-1

 at 

1.55 μm. Also, the high birefringence of the order 2.11 × 10
-2

 with nonlinear 

coefficient about 57.57 W
-1

 km
-1

 at 1.55 μm is achieved. The defects in the center core 

region by omitting two air-holes were brought to increase birefringence. Such PCF 

structures are promising to compensate dispersion in high-bit-rate transmission 

network and for implement photonic sensors [165].Md. Selim Habib et. al, have 

designed a silica octagonal-lattice PCF having five rings where air holes in first and 

second rings are kept greater than the other air holes to attain better dispersion 

showing negative dispersion over −134 to −385 ps/(nm.km) at E and U bands and a 

birefringence in the order of 2.13 × 10
-2

 at 1.55 μm [166]. Rui Hao et al., have 

proposed a silica Squeezed ortho-hexagonal PCF having four rings with the 

birefringence of 1.362 × 10
-2

 at 1.55 μm and is observed to be suitable for all optical 

signals systems [167].  
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 Additionally, in 2015, nonlinear coefficient of 65 W
-1

km
-1

was achieved by G. 

Dhanu Krishna, et al.,. In addition to that, with air hole sizes of d/Λ=0.5, 0.6 and 0.7 

μm, the confinement losses of 1.2022 × 10
-2

 dB/km, 7.7043 × 10
-6

 dB/km and 6.90186 

× 10
-7

 dB/km are achieved. Also, the flattened dispersion of 55.27 ps/(nm·km) over 

1.3 μm - 1.7 μm is achieved in a silica PCF having octagonal lattice [168]. Xuyou Li 

designed a pentagonal PCF achieving a high birefringence of 1.67 × 10
-2

 and 1.75 × 

10
-2

 at 1.55 μm and large negative dispersion of −611.9 ps∕(nm.km) over 1460–1625 

nm and −474 ps∕(nm.km) over 1425–1675 nm by variation in the fiber parameters 

[102]. Moreover, in this year, Tianyu Yang et al., proposed a triangular silica PCF that 

is having the eccentric shape of the core. PCF design can realize high birefringence up 

to 10
-2

, the high nonlinearity of 50 W
-1

·km
-1

 and 68 W
-1

·km
-1 

in X and Y polarizations 

mode and low confinement loss are less than 10
-3
dB/km at a 1.55 μm wavelength. 

This triangular PCF has wide applications in polarization maintaining transmission 

systems, SCG for frequency metrology and optical fiber sensing [53]. S. REVATHI et 

al. proposed a Soft glass spiral PCF has five circular air holes in each spiral arm and 

an elliptical air hole in the center attaining high birefringence in the order of 10
-2

, the 

high nonlinearity of 5828 W
-1

·km
-1

 and high negative dispersion of –1546.6 

ps/(nm·km) at 0.850 μm. Due to the optimized results of this fiber, it plays a big role 

in nonlinear device applications [169]. Jianfei Liao et al., proposed slot silicon micro 

fiber having high birefringence of up to the order of 10
-1

 at 1.4 to 1.7 μm, nonlinear 

coefficients of quasi-TE mode and quasi-TM mode at 1.55 μm are as high as 969.58 

W
-1

·m
-1 

and 156.74 W
-1

·m
-1

 and by modifying the slot size, dispersion slope value can 

be reduced from 1.2358×10
3
ps/(nm · km) to 0 ps/(nm · km). The excellent results of 

this fiber can be utilized in nonlinear signal processing applications of polarization 

maintaining systems [15]. Guangyu Jiang et al., designed a silica core rectangular-hole 

PCF having birefringence reaching the order of 10
-3

 that helps in bringing high 

precision in the optical system applications [170]. Jianfei Liao et al., proposed a 

nanoscale slot core with a high birefringence of 0.5015 and nonlinear coefficient of 

3.5739 × 10
4
 W

-1
·km

-1 
for the quasi-TM mode where nonlinear values increase when 

the slot width increases from 300 nm to 350 nm. This PCF is a good candidate for all-

optical signal processing [160]. The studies have been in continuation and PCF have 

been a priority for achieving various characteristics as to make the transmission 

system soft and efficient over a long distance.  
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 In 2016, Md Asaduzzaman Shobug et al., proposed a silica Hexagonal PCF 

with five air hole rings achieving a nonlinearity of 12.15 W
-1

km
-1

, flattened dispersion 

of 0±1 ps/(nm.km), and confinement loss less than 10
-2

 dB/km at 1.55 μm. The 

diameter of the first and second ring is kept low for obtaining a proper dispersion, and 

the size of the outer two rings are kept large for better confinement [172]. Russel Reza 

Mahmud et. al, proposed a SiO2 (Silica) PCF with rectangular lattice having the 

structural parameters variation up to +0.02 μm for inducing negative dispersion of 

−650 ps/(nm.km) within wavelength range of 1.46-1.63 μm and another silicate soft 

glass (SF57) having −693 ps/(nm.km) dispersion within wavelength range of 1.45-

1.68 μm [173]. Furthermore, Md. Imran Hasan et al., designed a soft glass equiangular 

spiral PCF inducing a negative dispersion of –526.99 ps/nm/km, having low 

dispersion variation of 3.70 ps/nm/km over 1.05 to 1.70 μm. Also, the high 

birefringence of 2.26 × 10
-2

 at 1.55 μm is achieved. The size of air holes from inner to 

outermost is increased step by step in this fiber for ensuring good confinement [174]. 

Moreover, Jui-Ming Hsu designed a hexagonal DCF that indicates an effective 

dispersion within ±0.64 ps/ nm/km over a 226 nm band with the broad range of 1338 

to 1564 nm and so can compensate for 40 Gbps signal [175]. Hao Rui has proposed an 

SF6 PCF with a squeezed core showing high birefringence of 1.544 × 10
-2

and is 

suitable for optical parametric amplification and all-optical signal processing. The 

hole spacing has been varied for achieving high birefringence [176]. High 

Birefringence make the fiber insensitive to temperature, also due to the high need of 

low dispersion, the variations have been made in the PCFs to achieve it. 

 In 2017, Shabbir Chowdhury et al. proposed a high nonlinear hexagonal fused 

silica PCF has high nonlinear coefficient 47.801 W
-1

km
-1 

for the S+C+L+U band. This 

study has also induced high birefringence of 0.0310 and large negative dispersion of 

−529.18 ps/nm-km at 1.55 μm. Achieving these parameters will be helpful in medical, 

nonlinear and sensing application. Two elliptical air holes in the center are included 

that help to increase the birefringence and also to increase the nonlinearity that 

reduces bending loss [177]. Furthermore, Jiayuan Li et al. designed an Aluminum 

Nitride Slot Waveguides that is used for investigating phase matching conditions in 

FWM process and induces dispersion within -13 and +11 ps/(nm·km) over 2000-nm 

band [178]. Moutusi De et al., have proposed a decagonal PCF achieving 

birefringence of the order of 10
-2

 and low confinement loss of the order of 10
-2

 dB/m 
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at 1.55 μm. They used couple of decagonal shaped circular air holes in the outer 

cladding region with two large circular and four elliptically shaped air holes in the 

inner cladding region to achieve targeted high birefringence.  This D-PCF can be 

efficiently utilized in nonlinear applications, laser and sensors technology [179]. 

Chandru Selva Kumar et al. studied a circular and octagonal core PCF that realizes the 

characteristics such as dispersion of +77.55 ps/(nm km) and +77.34 ps/(nm km) and 

nonlinearity of the order of 4506 W
-1

 km
-1

 and 4498 W
-1

 km
-1

. The effective indices 

have been varied to control the dispersion. This PCF can hugely contribute to speed 

and capacity of optical communications [180]. 

3.3 Summary 

Through over all analysis of the researchers, which has been done in between the year 

2000 to 2017, on the generation of characteristics like Ultra flattened dispersion, 

birefringence, and nonlinearity through PCF or slotted PCF. It can be said that slotted 

PCF is being a better option than PCF in the enhancement of such characteristics, as it 

provides better confinement of signal in the core, low losses, and higher nonlinearity. 

The better and undistorted transmission of a signal over long distances can be ensured 

through slotted PCF. Though the studies on slotted PCF have been able to achieve the 

highest nonlinearity of 969.58 W
-1

·m
-1

 and dispersion slope of 1.2358×10
3
ps/(nm · 

km) to 0 ps/(nm · km), by varying the slotted PCF parameters, better results can be 

achieved. Also, by attaining the large negative dispersion and higher nonlinearity, 

length of the fiber can be reduced that will be profitable for short distance optical 

devices and in the cost effective deployment of fibers. Hence, it can be concluded 

from the yet achieved results that evolution of slotted PCF has been proved to be 

beneficial for the optical signal transmission systems and applications related to it.  
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Chapter 4: Numerical Investigation of High Index Elliptical 

Spiral Photonic Crystal Fiber 

In the preceding chapters, some fundamental properties of MOFs and the past research 

in the field of PCFs were described. It was discussed that properties of fibers could be 

controlled by varying the fiber parameters. Through the facility of design flexibility 

feature, fiber properties can be mold according to the desired applications. In this 

chapter, an elliptical spiral structure is designed to obtain large nonlinearity, high 

birefringence with flat negative dispersion in telecom wavelength band to address 

numerous applications in the optical domain.  

 

4.1 Introduction 

Presently, index guiding PCFs have been comprehensively investigated because of its 

effective optical fiber characteristics in different fields of optical systems that seem to 

be inconceivable in conventional SMF. Index-guiding PCFs, also known as holey 

fibers or MOFs, consist of a high index solid core region enclosed by array of air 

holes in the low index cladding region. By tailoring the hole pitch ∧, the relative hole 

diameter ratio d/∧ in different rings and the refractive index of the core, the 

dispersion, birefringence, and nonlinear properties can be controlled.  

In long haul high bit-rate optical communication systems, the dispersion is a 

critical aspect that has a great impact on bandwidth. Conventional optical fibers have 

non zero dispersion values that limit high bit-rate transmission. So dispersion 

controlling strategy should be present to neutralize the dispersion effect over long haul 

communications systems [153]. In recent years, PCFs has emerged as a dominant 

method for information transmission because of flexibility in design. The dispersion 

of PCFs can be regulated by optimizing the fiber parameters like air hole diameters, 

pitch size, etc. [162]. 

In order to attain a stable undistorted pulse, Ultra flattened dispersion is 

required. Additionally, for applications like WDM [181], compensation of dispersion 

over wide wavelength bands, propagation of ultrashort solitons, controlling of 

birefringence and SCG, the ultra flattened dispersion is required [182].  
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The invention of HNPCF has gained a huge attention of the world because of 

its ultrahigh nonlinearity and compatibility with the standard SMFs. Its various 

applications have also been realized keeping in consideration of its ability to guide a 

strongly confined light through a fiber. The applications are slow/fast light, pulse 

compression, wavelength conversion, SCG and all optical amplification[15,183]. The 

high fiber nonlinearity, long interaction length, and low loss are the basic 

characteristics that are needed for realizing nonlinear effects in the fiber. Utilization of 

HNPCF can be considered as beneficial due to the reason that it needs less power and 

less length [73]. Moreover, dispersion property needs to be controlled as to improve 

the nonlinear optical processes.  

High birefringence is another important parameter of PCFs, which can be 

achieved by introducing asymmetricity in PCF design such as, using elliptical air hole 

inside the fiber core [184] and using elliptical air holes instead of circular air hole in 

the cladding [185]. High birefringent PCFs maintain the SOP which proves useful in 

PMD compensation. Furthermore, birefringent PCFs have a variety of possible 

applications in optical sensor design, electro-optical modulation, and signal processing 

systems [186].  

SCG [187] is most demanding and challenging field of nonlinear photonics. 

The emerging applications of broadband continuum light sources often entail 

coherence property of distributed radiation. SCG in NDR with high nonlinearity is an 

applicable solution to that necessity [188]. Thus we require a material that can provide 

large nonlinearity with negative flattened dispersion. In recent researches, it is found 

that non-silica soft glasses have this capability. One of the important reason for 

research in non-silica glasses is that they exhibit large nonlinearity with low 

fabrication temperature [189]. Lead silicate glass SF57 has a high concentration of 

lead that results in high refractive index value 1.80 at 1.55 μm wavelength. Sellmeier 

equation of SF57 is given by 

                   
        

  
  

  
 

  

  
 

  

  
 

  

  
                          (4.1) 

where,   =3.24748,   =-0.00954782 μm
-2

,    =0.0493686 μm
2
,   =0.00294294 μm

4
, 

  =-1.48144×10
-4

 μm
6
,   =2.78427×10

-5
 μm

8 
[190]. 



57 
 

 Moreover, SF57 has a high nonlinear refractive value of 4.1x10
-19

 m
2
/w [191], 

which is larger than silica.  Due to the low softening temperature 519  C for SF57, 

extrusion of MOF preform from bulk SF57 glass is feasible.  

A lot of researches has been done over dispersion, nonlinear coefficient, and 

birefringence. Franco et al. in [192] proposed micro structure optical fiber having a 

dispersion of -179 ps/(nm.km) but only for the wavelength range of 1.48 - 1.675 μm 

band, nonlinear coefficient and birefringence is not discussed here. The proposed fiber 

in [193] by Silva et al. have a Ge-doped core PCF which obtained -212 ps/(nm.km) 

dispersion with large deviation of 12 ps/nm.km between 1.35 μm to 1.70 μm 

wavelength range, but there is no mention of birefringence and nonlinearity. PCF 

discussed in [194] has an equiangular spiral structure with a negative dispersion of -

227 ps/(nm.km), but has a large variation of 11 ps/nm.km over E+S+C+L+U 

wavelength bands and nonlinearity is not discussed in that structure. Habib proposed a 

PCF structure [101], which has a flat dispersion of -138 ps/nm.km with a deviation of 

12 ps/nm.km in S to L wavelength band and nonlinearity of only 33.6 W
-1

km
-1

. PCF 

proposed by Hasan et al.  in [195] has a dispersion of -562.52ps/nm.km but only for 

the wavelength range from 1.46 μm to 1.70 μm and has achieved nonlinearity of 48.70 

W
-1

km
-1

 that is quite low. Although, the PCF proposed in [196] has dispersion values 

of -608.93 ps/(nm.km) over 1.46 μm to 1.625 μm wavelength range, but the negative 

dispersion is achieved for short wavelength band, and nonlinearity of PCF is not 

discussed in PCF design. In the PCF designs mentioned above, the dispersion, 

birefringence, and nonlinearity were not achieved simultaneously. 

In this chapter, the proposed design is simultaneously achieving a negative flat 

dispersion with high nonlinearity and large birefringence. Due to negative flattened 

dispersion with very little deviation in dispersion, this PCF can be used in RDCF. 

Other applications are polarization maintaining and nonlinear signal processing. The 

effect of parametric variation in design on optical properties is also investigated and 

found that the design has an extremely low variation. For accurate analysis of various 

parameters, full vector FEM is applied. 

 

4.2 Structure and Design of Elliptical Spiral PCF 

The schematic view of a cross-section of elliptical spiral PCF is presented in the 

Fig.4.1. The host material is SF57 with spiral lattice in cladding that has ten arms and 
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each having five air holes. The air hole arranged in an arm is at an angular increment 

of θ than previous one. The diameter of air holes is enlarged step by step for good 

confinement of modes [174]. Elliptical spiral PCF structure has minor semi-axis as A 

and major semi-axis as B. Air holes in the innermost ring are elliptical with major 

semi-axis a and minor semi-axis b. Other rings have circular air holes which are 

having a diameter of D1, D2, D3, D4 as we move from 2
nd

 to 5
th

 ring.  

 

                    Fig. 4.1 Cross sectional view of elliptical spiral PCF 

In comparison to conventional fiber, the elliptical spiral PCF have great 

flexibility in modifying birefringence, nonlinearity and dispersion and other 

characteristics. This elliptical spiral structure with elliptical air holes in innermost ring 

introduces more asymmetry between the two axes and hence large birefringence is 

achieved. Chromatic dispersion is also get flattened for large negative value. Because 

of spiral structure design, light is strongly confined to the low effective mode area that 

results in high nonlinearity. 
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Modal field distribution for each arrangement of fiber parameters relies on the 

constructive interference of the wave after multiple scattering from air holes. 

Variation in the phase of light at any point depends on the component of the wave 

vector by an alteration in hole positions. So even slight variations in holes position 

generate large phase deviations. 

The modal distribution of fundamental modes of fiber at 1.55 μm is shown in fig. 4.2 

with optimum fiber parameters as presented in table 4.1. 

Table 4.1: Designing parameters of PCF 

                                

 Fig.4.2 Fundamental modal field distribution for X and Y polarization 

It can be observed from the structure that the effective refractive index of x-

polarized mode is larger than the effective refractive index of  y-polarized mode. This 

is because the air holes are dispersed more sparsely along x direction than along y 

direction. Effective refractive indices of fundamental modes are found to be 1.719 and 

Material Ellipticity of 

Structure 

Angle 

between 

two arm 

First ring 

elliptical air holes 

Diameter of Air Holes 

(Second, Third, Fourth and 

Fifth Rings) 

SF57 Semi 

Minor 

Axis 'A' 

Semi 

Major 

Axis 'B' 

θ Semi 

Minor 

Axis 'a' 

Semi 

Major 

Axis 'b' 

D1 D2 D3 D4 

1.80 800  

nm 

1400 

nm 

36  108.8 

nm 

340  

nm 

680 

nm 

860 

nm 

1040 

nm 

1220 

nm 
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1.702. Hence, the light travelling speed along the x-axis mode is slower compared to 

the y-axis mode because of the higher effective refractive index of the x-axis mode. In 

this way, the x- polarized mode and the y-polarized mode act as slow axis mode and 

fast axis mode, respectively [195]. 

The role of the spiral structure with an elliptical air hole in the first ring of the 

proposed PCF is to flatten the chromatic dispersion and to enhance the value of 

birefringence in the order of 10
-2

. As we increase ellipticity ratio, more flattened 

negative dispersion with large nonlinearity is achieved. But for the same structure, 

slightly low birefringence is attained. Hence, it can be seen that trade-off is occurring 

between flattened dispersion, large nonlinearity, and birefringence. So a optimum 

point is chosen where all the parameters have significant values with large flat 

negative dispersion for broad wavelength range. 

 

4.3  Research Outcomes and Discussion 

The numerical method, which is used to analyze the proposed elliptical spiral PCF, is 

full vector FEM that is more reliable and flexible than other known techniques. The 

fundamental equation for the FEM analysis, through Maxwell‘s equations, is 

expressed as,  

     ([  ]
     )    

 [  ]                        (4.2) 

Here, [εr] and [μr] denotes the relative dielectric permittivity and magnetic 

permeability, E is the electric field, and k0 is the free-space wave number, 

respectively.  

The chromatic dispersion, birefringence, and nonlinearity coefficient can be 

obtained after the attainment of the modal effective index neff through solving an 

eigenvalue problem drawn from the Maxwell equations utilizing the FEM.  

The PCFs have many important properties that allow them to be used as a fine 

transmission medium for small and long distances. In the long-haul optical 

communication system, the traditional optical fiber has non zero dispersion. In WDM 

system, dispersion in SMFs broadens the optical pulse that results in severe limitations 

in the high bit-rate transmissions. So to compensate this induced positive dispersion, a 

DCF must be introduced in the communication system that is having a large negative 

dispersion [197].  
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    Total chromatic dispersion of fiber consists of material dispersion and 

waveguide dispersion, i.e., D(λ) = Dw(λ) + Dm(λ) can be calculated as [174] 

                                  ( )   
 

 

    [    ]

   
              (4.3) 

where Re[    ] denotes the real part of effective mode index of PCF. With the help of 

the Sellmeier equation, the material dispersion is included into the calculation. Hence, 

the D( ) in eqn. (4.3) corresponds to the total dispersion of the PCF. The FEM 

directly solve the wave equations to obtain optimum value of the effective mode 

index, neff. 

Effect of ellipticity ratio on dispersion flatness with D1= 680 nm, D2 = 860 nm, D3 = 

1040 nm, D4 = 1220 nm is shown in fig.4.3. It can be observed that the dispersion 

becomes more flattened as the ellipticity ratio of inner ring holes increases from a/b = 

0.10 to 0.32. At a/b = 0.32 ratio of elliptical air holes, the flat negative dispersion is 

achieved. But, as a/b ratio is further increased, the dispersion values are decreasing 

with increasing wavelength and also dispersion flattening curve starts fluctuating. 

 

Fig. 4.3 Dispersion Vs. wavelength curve for different ellipticity ratio for wavelength range 

1.33 μm-1.99 μm 

The flattened part of a dispersion curve for 0.32 ellipticity ratio is shown in fig.4.4. It 

is observed that the proposed design has flat negative dispersion in a vast range of 

wavelength from 1.385 μm to 1.99 μm. The average dispersion is 93.80 ps/nm/km 

with a deviation of only ±1.5 ps/nm/km.   
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Fig.4.4 Flat dispersion curve for wavelength range of 1.385 μm-1.99 μm 

The dispersion accuracy with global parameter variation of the designed PCF 

is carefully investigated. The variation of 1% in global fiber parameter of elliptical air 

holes has to be considered as it occurs unavoidably and so rough estimate of 2% 

accuracy is considered to ensure dispersion flatness [126,198,199]. The elliptical air 

hole size has a great effect on the flatness of dispersion curve. 

As seen in Fig. 4.5, the ellipticity ratio is varied to ±1% and ±2% around the 

optimum value. It is evident from the figure that the global parameter variation for the 

proposed structure does not affect the average dispersion and dispersion variation 

much. But from the investigated results, it is found that the dispersion values and 

flatness is not varying significantly. 

 

Fig.4.5 Dispersion variation for ±1% and ±2% variation of ellipticity ratio around optimum 

value. 

-400

-350

-300

-250

-200

-150

-100

-50

0

1.385 1.495 1.605 1.715 1.825 1.935

D
is

p
er

si
o

n
 (

p
s/

n
m

.k
m

) 

Wavelength (μm) 

0.32

-200

-150

-100

-50

0

50

1.385 1.495 1.605 1.715 1.825 1.935

D
is

p
er

si
o

n
 (

p
s/

n
m

.k
m

) 

Wavelength (μm) 

-1%

1%

-2%

2%

Optimum



63 
 

Nonlinearity is another crucial characteristic of PCFs. Spiral shape structure, 

due to its compactness, can achieve strong light confinement with small effective 

mode area that is beneficial in attaining large nonlinearity. Nonlinear coefficient γ of 

designed fiber can be determined by the following equation  

                                               γ  
    

     
                                                  (4.4) 

where,    is nonlinear refractive index of material used, λ is wavelength of operation. 

Here, the nonlinear refractive index of SF57 used is 4.1x10
-19

 m
2
/W [186].  

The fiber mode efficiently covers the effective mode area, which is a 

numerical measure, in transverse dimensions. The effective area is a very important 

parameter as it is related to the nonlinearity and is crucial for studying optical 

nonlinearities in the PCF. Nonlinearity mainly depends on the power density inside 

the device and so  higher the effective area; lower will be the nonlinearities for a fixed 

power. The effective mode area (Aeff) is given by 
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                       (4.5) 

here, E is the electric field confined in the core of the PCF. The effective area of PCF 

depends on the confinement of electric field inside the core of the PCF. A small value 

of effective area leads to large nonlinearity that would have many applications. 

 

Fig.4.6 Effective area Vs. wavelength curves for various ellipticity ratios 
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The effect of the wavelength of operation on the effective area of PCF can be 

seen from Fig. 4.6. It can be observed that effective mode area is increasing with 

wavelength. This is because, at short wavelength, mode fields are strongly confined in 

the core region that results in the smaller effective area. Hence the nonlinear 

coefficient will correspondingly decrease with increase in wavelength. For optimized 

PCF parameters, at 1.55 μm wavelength, an effective area of 2.45 µm
2
 is obtained. 

 

Fig.4.7 Nonlinearity of PCF for wavelength range 1.33 μm-1.99 μm 

Effect of ellipticity ratio of elliptical air holes on nonlinearity can be observed 

from fig.4.7. As ellipticity ratio increases the size of elliptical air holes increase, 

which leads to better confinement of electric field in the core of the PCF, this, in turn, 

reduces the effective area of the core. Due to decrease in effective area of the core, the 

value of nonlinearity coefficient increases. Smaller effective area makes the fiber 

remain insensitive to the high bending loss [200].  At 1.55 μm wavelength, for 

optimized parameters nonlinear coefficient value of 763.485 W
-1

km
-1 

is achieved. 

HNLF with flattened dispersion over a broad wavelength range has bragged 

significant interest in current years and would be potential candidates for application 

in the high-capacity all-optical signal processing and development of devices such as 

wavelength converters, parametric amplifiers, supercontinuum sources, and optical 

switches. 
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Birefringence B is one of the significant characteristics of PCFs that can be 

determined by taking the difference of effective mode index of two fundamental 

modes and the following expression measures it 

                                
|     |

  
 |     |                            (4.6) 

where k0 refers to the wave number and k0=2π/λ, βx and βy are propagation 

constant of two orthogonally polarized modes. nx and ny indicates the refractive index 

of x and y polarised modes, respectively.  

The elliptical air hole around the fiber core generates more asymmetricity that 

would lead to high index difference between the two orthogonal modes. Due to which 

very high birefringence is obtained. 

 

 

Fig.4.8 Birefringence Vs wavelength for different ellipticity ratios 

Fig.4.8 depicts that as the wavelength of operation increases, the birefringence 

of PCF also increases. The birefringence value of designed PCF for 0.32 ellipticity 

ratio is 0.017 at 1.55 μm wavelength. This large birefringence is achieved due to the 

elliptical spiral structure with elliptical air holes in the first ring, as this generates 

more asymmetricity in the structure. Beat length of the proposed design at 1.55 μm is 

91.2 μm which is much lesser compared to conventional fiber. As seen in fig.4.8, by 

decreasing the ellipticity ratio, higher birefringence can be achieved in the proposed 
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structure. But, for lower values of ellipticity ratio, the flattened dispersion curve 

cannot be achieved and also nonlinearity coefficient of PCF decreases.  

 

Fig.4.9 Birefringence variation for ±1% and ±2% variation of ellipticity ratio around 

optimum value. 

To ensure the robustness of the design, birefringence sensitivity up to ±2% 

variation in optimum parameter is observed. In fig. 4.9, it is observed that there is no 

significant variation in birefringence for different parametric variation around 

optimum value. Insignificant variations in birefringence, validates negligible variation 

in beat length. Thus the proposed fiber with large birefringence has many applications 

in transmission systems like minimizing the PMD, in loop mirrors for sensing 

applications, etc. [201].  

The fabrication process is one of the most crucial process of the PCF 

designing. Although, the proposed fiber design is looking to be quite difficult for 

fabrication, but it is possible to fabricate the proposed design without any problem 

because of the swift progress of fabrication technologies. During the fabrication 

process, the elliptical air holes are susceptible to losing their ellipticity and may 

acquire circular shape due to surface tension. But advancement in fabrication process 

made it possible to design elliptically shaped air holes in PCF [150].  Die cast method 

[93] given by Guiyao et al. is quite useful in the fabrication of asymmetric core PCFs 

and asymmetric air holes.  
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Additionally, silicon is embedded as a background material in the PCF design, instead 

of SF57. The fiber geometrical design parameters are kept same as the previous design 

as only the material is changed. In this case, nonlinearity is  drastically enhanced and 

has the value of 14027 W
-1

km
-1 

at 1.55 μm wavelength, and flat positive dispersion is 

achieved. But, less birefringence of the order of 10
-3

 is achieved than the previous 

result. In the next chapter, new PCF design is discussed, using the silicon material, 

that has provided better results as compared to results of this chapter. 

 

4.4 Elliptical Spiral PCF as Residual Dispersion Compensation Fiber 

In the long haul transmission data systems, it is requisite to have a flattened dispersion 

or near to zero dispersion. The reason behind this is that intrinsic chromatic dispersion 

may induce nonlinear interactions, which leads to cross talks, information loss and 

disruptive transmission data rates. The standard mode fiber generates a dispersion of 

10 to 22 ps/(nm.km) in the transmission [192]. This intrinsic dispersion can be 

compensated by adopting a dispersion compensating technique that generates a large 

negative dispersion, which has a capability of canceling out the intrinsic positive 

dispersion generated by the SMF. Additionally, after linking the SMF and DCF, 

dispersion compensation process can be carried out. However, even after 

compensating the dispersion to a certain limit, there is some non-zero dispersion 

always left, due to the presence of long transmission system and deformities present in 

it, which is called the residual dispersion. Compensation of this remaining dispersion 

would be called RDCF, which will need extra efforts towards compensating [202].  

 In addition to that, the RDCF would need very large negative dispersion that 

can be achieved by introducing a defect in the PCF core geometry or by bringing 

variation in the fiber cladding parameters [174]. As it is very well known that 

variation in cladding parameters or deformity in the fiber may increase losses in the 

transmission. To overcome this issue, the RDCF has to be as short as possible and to 

limit the length of the fiber; it is necessary to have a very large negative dispersion. 

For better values of RDCF, most of the focus has been given on hexagonal, orthogonal 

PCF, Equiangular spiral PCF as they provide better dispersion accuracy, good design 

flexibility, strong confinement and low losses [197]. Furthermore, the RDCF plays a 

big role in providing applications like long data transmissions, the design of sensors, 

SCG and fiber loop mirror [10].  
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4.5 Conclusion 

In this study, an elliptical spiral soft-glass PCF design is proposed, and its optical 

characteristics are analyzed for a broad range of wavelength. It is found that elliptical 

spiral lattice PCF with an elliptical air hole in innermost ring has high negative flat 

dispersion, high nonlinearity and large birefringence in the communication band. By 

varying the ellipticity ratios, we have obtained optimum results that have -93.80 

ps/nm/km average dispersion with a deviation of ±1.5 ps/nm/km and nonlinearity 

coefficient of 763.485 W
-1

km
-1

. Birefringence of the order of 10
-2

 is also achieved in 

the proposed design. Due to negative flattened dispersion over a wide wavelength 

range, this PCF can be used in RDCF. This proposed design can also be used in PMF, 

parametric amplification, SCG, fiber sensor design, fiber loop mirror, etc. 

 

4.6 Summary 

In this chapter, high index guiding elliptical spiral PCF structure is studied. By 

optimizing the different geometrical parameters, proposed design has provided a large 

flattened negative dispersion with high nonlinearity and large birefringence. These 

attained results make the proposed design to be useful for many applications in the 

optical domain. Although the results obtained from this design are excellent but can be 

further improved by using different designs. In the coming chapter, a new design is 

discussed that will provide better results than the design described in this chapter. 
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Chapter 5 : Numerical Investigation of Low Index Slotted      

Spiral Silicon Photonic Crystal Fibers 

 

In the last chapter, high index guiding PCF designs has been discussed that having 

high asymmetry, but it is found that this PCF designs are not able to achieve ultrahigh 

nonlinearity and large birefringence. For obtaining high nonlinearity, high 

birefringence and high negative dispersion in the fiber, a low index solid core PCF is 

introduced and discussed in this chapter. The work presented in this chapter shows 

how embedding a low index slot in the core of the fiber can be used to enhance optical 

characteristics at very large extent. 

 

5.1 Introduction 

In the past years, light propagation in the low index materials has become highly 

significant for various applications such as optical sensing, interaction with low index 

materials, nonlinear optics, optical modulators and switches, near-field optical 

microscopy and achieving high nonlinearity by having strong light confinement inside 

the core of the fiber[17].  

 The propagation of light in low index materials is prohibited in the 

conventional fiber structures based on TIR. Instead, external reflections from multiple 

dielectric layers or PCs [12] are mainly utilized. However, in these fiber structures, 

large dimensions are necessary for high reflections, but these structures are more 

sensitive to wavelength. One of the efficient fiber structure is the slot embedded PCF 

structure that has low index slot embedded in a high index material medium [16]. In 

comparison to the lossy modes in PBG fibers, the guided mode in low index solid core 

PCF structure is eigenmode, which does not depend on the resonance principles and 

so the fundamental mode is loss less and having very low sensitivity with wavelength. 

Moreover, this low index solid core PCF is well-suited with highly integrated 

photonics devices at nanometer size dimensions[17]. 

 This low index slotted PCF structure works on the principle of operation that is 

based on the discontinuity of the electric field at the high index contrast 

interface[16,18]. One of the components of the electric field of the quasi-TE mode is 

perpendicular to the walls of the vertically aligned slot, showing high amplitude at the 
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low index slot due to the strong discontinuity at the walls. Additionally, the ratio of 

the electric field of both sides of the walls is equal to the square of the ratio of the 

refractive indices of both sides of the wall. The electric field within the slot is high 

when the slot dimensions are smaller than the field decay length from the interface. 

On the other hand, the magnetic field is incessant at the walls of the slot, and due to 

this the optical intensity in the slot is much higher than the high index region. In the 

case of quasi-TM mode, the major component of the electric field is parallel to the 

walls, and due to this, the effect of the presence of the slot is negligible[16,18]. The 

effective index of slot mode can be determined from the optical field decay rate in the 

cladding far away from the center of the slot fiber structure. With the assumption that 

power of the optical field decays exponentially from the center of the core[16].  

 Thus, propagation of light in the slotted PCF is not only confined to a low 

index material but it also has a much higher power intensity than that conceivable 

using conventional PC structures.  

 

5.2 Material properties 

Along with fiber structures, the properties of PCF are also dependent on the material. 

We choose the materials that are not only compatible with existing fiber structures, 

which are easily available and cost effective but also having a high nonlinear 

refractive index. [203] e.g., Silicon, Silica, Silicon nanocrystals. There are many 

applications of nonlinear photonic materials in the telecom industry that are used in 

various devices like switches, routers, wavelength converters, etc. Also, one more 

application is the optical logic gates that are designed using nonlinear Mach-Zehnder 

interferometers (MZI), which provide features such as scalability and flexibility [204].  

 

5.2.1 Silicon 

Silicon is one of the best-studied materials known to humanity and the most widely 

used in the semiconductor industry. Our knowledge of the properties of silicon has 

paved the way to the information technology revolution. The advances in the broad 

field of nanotechnology have shown that size reduction can overcome the limitations 

of bulk materials. Certain nonlinear properties of material Silicon are to be noted for 

its wide ranging applications in nonlinear photonics. The application of Silicon 

photonics near mid-infrared region draws the attention of most of the researchers. 
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Silicon photonics field is growing day-by-day and is becoming one of the most 

active areas of research with many useful applications like optical interconnects, 

nonlinear signal processing [205], biosensors[206]. The highly developed silicon-on-

insulator (SOI) platform is the backbone of the progress in this area because of their 

strong mode confinement due to the large refractive index difference between the 

cladding and core of guide.  

CMOS technology can be used to reduce the size of structures up to 10 nm at 

low cost [203,204]. Currently, with the progress in fabrication techniques, Silicon 

fibers which furnish a material compatibility with the traditional fiber structures, have 

gained a substantial attention. Silicon crystals, having band gap around 1.12 eV, 

become transparent in the wavelength region beyond 1.1 μm and exhibits optical 

properties that are required for a number of applications. The large refractive index of 

silicon provides better confinement of optical pulse to a submicron region using the 

SOI technology. Moreover, silicon has large third-order nonlinearity, as compared to 

silica, it provides 100 times higher Kerr coefficient and 1000 times higher Raman gain 

coefficient in the telecommunication band. The large non linearity index coupled with 

high optical confinement within SOI waveguides permits better nonlinear light matter 

interaction at the relatively small strength of signal inside a short SOI waveguide 

(<5cm long)[207]. Silicon is the basic material for the SOI platform. SOI is a 

manufacturing technique in which a thin layer of silicon on top of an insulating layer 

(generally made of SiO2) resides on a silicon substrate. The functional optical 

elements are positioned in the thin top-silicon layer [208]. The better light 

confinement capability of silicon admits for ultra compact devices with a bent radius 

of the order of few micrometers, and functional waveguide elements of ten to a few 

hundred micrometers. Therefore, large-scale integration of many functional elements 

on a single chip is achievable [209]. 

Silicon is having a variety of nonlinearities [71,210,211], and they all are 

generated when the optical field interacts with electrons and phonons. In fact, it is the 

electric field of the optical wave that resonates with the electrons in the outer shells of 

the silicon atoms which causes polarization. Although a number of nonlinear effects 

are present in silicon that is not the reason why researchers are so much interested, 

instead of low cost and compatibility with VLSI technology, make it the material of 

more importance, and by having it we can have combined electronic as well as optical 
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integrated circuits (ICs) [208]. Suppose, in the conventional optical fiber if the 

material or refractive index of the core and cladding is same then the advanced 

application may not be able to be utilized. Also, the confinement loss is larger as pulse 

starts leaking out of the core because there is no confinement of pulse in the core due 

to the same refractive index. Hence, there has to be much difference in the refractive 

index of core and cladding, so the proper benefits of altered cladding can be used for 

applications like SCG and in understanding dispersion characteristics. The 

confinement loss can be controlled by varying the number of air holes on the cladding 

or increasing the size of air-holes. 

5.2.2 Silicon nanocrystals 

The limitations faced by the bulk of materials can be overcome by using nanocrystal 

materials. Silicon-based nanostructures hold a special place in the broad field of 

nanotechnology. Nanocrystal silicon has been proven a key material for silicon 

photonic applications in last few decades. As it provides low manufacturing cost and 

well-developed VLSI technology can provide integrated optical ICs [212]. The optical 

applications designed with bulk silicon can also be completed using low size silicon in 

the form of Nanocrystals embedded in a Si   matrix [213]. The refractive index of 

Nanocrystals embedded in a Si   can be controlled between 1.45 and 2.2 depending 

on the amount of silicon, through this, the light can be guided with better confinement 

than pure silica do [214-216]. More importantly, Silicon Nanocrystal/Si   composite 

is having large nonlinear coefficient than bulk silicon [217]. Recently measured Kerr 

coefficient and Raman gain of silicon Nanocrystal/Si   composite is 100 and 1000 

times larger than silicon, respectively, even when the volume fraction of the 

Nanocrystals is less than 10%. Also, the most important advantage of using Si-nc is 

the compatibility with existing technology [218-220].   

 

5.3 Research Background 

Recently incredible growth in technology is driven by increasing demand of high 

bandwidth application, mainly video and data transmission. For satisfying this 

requirement, new resources such as power sources and raw materials are required. 

Ability to feed the technology advancement may someday become a  hurdle due to the 
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heavy cost of operation[221]. So to negate this trend, researchers are working to find 

the ways through which efficiency of these networks can be improved[222].  

By utilizing the tremendous large bandwidth and ultra fast response time of 

photonic materials, green photonics has emerged as a promising technology that can 

provide the data rate more than 100 Gb/s for a single channel [223,224]. Silicon based 

HNLF have not only met the requirement of operation, but also Silicon has the 

potential for direct chip level integration. So by taking the benefit of HNLFs that 

require less number of pump lasers for performing the signal processing function, it is 

possible to exhibit the large potential of green photonics. 

Additionally, HNLFs are having extensive applications such as SCG [25,225], 

optical parametric amplification and all optical wavelength conversion [226], 

distributed in-fiber amplification, pulse regeneration, optical monitoring,  

multiplexing and demultiplexing and switching[73]. Another main reason to enhance 

nonlinearity is that power requirement of the optical device can be reduced [227]. In 

most of the designs, the large nonlinear coefficient in PCF can be realized either by 

reducing the effective area of the core of PCF or using a material with high nonlinear 

refractive index value [14,15,53,180,189,228]. Here the slot effect is utilized to 

enhance the nonlinearity. Due to the slot effect, the electric field intensity gets further 

enhanced by a large factor. The problem lies in the field confinement within the core 

in nanometer size slot at the wavelength of operation. For effective utilization of 

nonlinearity in PCF, dispersion management is one more pivotal concern. Dispersion 

restricts the information carrying capacity of fiber, so it is necessary to design DCF to 

mitigate this effect.  

Another important property of PCF is birefringence. PCF having high 

birefringence can be used as single-polarization mode fibers or PMF. PCFs maintain 

the SOP which proves usefulness of PCFs in PMD compensation. Furthermore, 

birefringent PCFs have very long list of important applications in optical sensor 

design, electro-optical modulation and signal processing systems [229,230].  Recent 

works show that high birefringence in PCFs can be attained by introducing a defect in 

the core or generating asymmetricity in fiber structure [13,15,53,176,180,189]. Large 

birefringence is also required in addition to high nonlinearity and negative dispersion 

in all optical signal processing applications. In all optical signal processing 

applications along with high nonlinearity and negative dispersion, large birefringence 
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is also required. As various nonlinear effects are dependent on polarization, therefore 

sustaining the SOP is necessary for excellent performance. 

To design an optical fiber having high nonlinearity, negative dispersion and 

large birefringence simultaneously is a continual challenge. Therefore, researchers are 

working on different geometries like hexagonal, octagonal, decagonal, spiral, etc. Our 

recent research study asserts that by using a slot spiral fiber design, negative 

dispersion, ultra-high nonlinearity and high birefringence can be achieved. The table 

5.1 shows the recent research work of the different geometries of PCFs that is used to 

improve the optical properties.  

Table 5.1: Proposed PCF structures reported in recent 

Design Nonlinearity Birefringence Dispersion 

Silica–glass core 

decagonal PCF [140] 

49 W
-1

·km
-1

 10
-2

   --------------------- 

Silica core decagonal 

PCF [231] 

  -------------------  --------------- 0 ± 0.6 ps/(nm-km) 

over 1300 nm to 

1600 nm 

Tellurite hexagonal 

lattice PCF [155] 

238.6 W
-1

 km
-1

 10
-6 

---------------------- 

Silica octagonal-lattice 

PCF [166] 

 -------------------- 2.13 × 10
-2

 −134 to −385 

ps/(nm km) at E and 

U bands 

Fused silicon hexagonal 

slotted spiral PCF [14] 

224 W
-1

m
-1 

in 

quasi-TE mode and 

226 W
-1

m
-1

 in 

quasi-TM mode 

 ---------------

- 

0.91 ps/(nm·km) in 

quasi-TE mode and 

1.33 ps/(nm·km) in 

quasi-TM mode 

over 150-nm 

Silicon hexagonal 

slotted spiral PCF [13] 

1068 W
-1

m
-1

 0.24886  ----------------------- 

Silicon slotted PCF 

[15] 

969.58 W
-1

·m
-1 

at 

quasi-TE mode and 

156.74 W
-1

·m
-1

at 

quasi-TM mode 

0.2006 1.2358×10
3
ps/(nm · 

km) 

Silica octagonal lattice 

PCF [168] 

--------------------  --------------- 55.27 ps/(nm·km) 

over 1300 nm - 

1700 nm 
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Unique circular silica 

PCF [232] 

56.42 W
-1

 km
-1

 0.0108 -220.9032 to -

792.7265 

(ps/nm.km) for E to 

U band 

SF57 rectangular lattice 

PCF [173] 

--------------------- ---------------- −693 ps/(nm.km) 

over 1450-1680 nm 

Chalcogenide octagonal 

and circular PCF[180] 

4506 W
-1

 km
-1

 and 

4498 W
-1

 km
-1

 

 ------------- +77.55ps/(nm.km) 

and 

+77.34ps/(nm.km) 

As2Se3 glass PCF [233] 2079 W
-1

 km
-1

 10
-2 

------------------------- 

 

 From the above table, it is found that low index guiding slotted PCF structure 

are providing more improved optical properties as compared to regular high index 

guiding PCF structures. 

 Currently, with the progress in fabrication techniques, silicon fibers which 

furnish a material compatibility with the traditional fiber structures, have gained a 

substantial attention. Due to its wide availability and compatibility with established 

CMOS technology, silicon offers reduction in structure sizes up to 10 nm at very low 

cost [234,235]. In this chapter slot spiral PCF structures are designed to achieve ultra-

high nonlinearity, high birefringence and large negative dispersion. Nano dimension 

slot in the core with low index material is defined to get the strong light confinement, 

which ultimately leads to enhanced nonlinearity.  Due to these properties, fiber will 

have numerous applications in the optical field. For accurate analysis of optical 

characteristics of PCF, FEM is applied. 

 

5.4 Highly Nonlinear Polarization Maintaining Dispersion 

Compensation Slotted Spiral PCF 

5.4.1 Structure and Design of Slotted Spiral PCF 

The proposed slotted silicon PCF structure is as shown in the Fig. 5.1. All the circular 

air holes of the varying radius in the cladding are arranged in a spiral lattice. To obtain 

the good mode confinement in the core region, diameters of air holes in cladding 

region are in increasing order d1˂ d2˂ d3˂ d4  [174]. The spiral lattice structure is 

having six arms and each arm having four air holes. The distance from center to each 
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air hole of the first ring is r. The air hole arranged in an arm is at an angular increment 

of θ than the previous one. The benefit of using spiral lattice structure is that number 

of air holes gets reduced compared to regular hexagonal or triangular lattice. This 

results in small effective mode area.  

 

Fig.5.1 Cross sectional view of Ellipse slotted spiral PCF (design 1) 

To get the benefit of slot effect, an elliptical hole consisting of a material 

having a low index silicon nanocrystals (Si-nc) is embedded in the center of the core. 

In slot region, air can also be used as low index materials but air has very low 

nonlinear refractive index (5 X 10
-23

 m
2
/W).  The basic principle of light confinement 

in nanometer size low index material is electric field discontinuity at the high index 

contrast interface. Since the normal component of electric displacement (D = Ԑ E) 

should be continuous across the interface [16]. The electric field inside the slot region 

is enhanced by the ratio of the refractive index of silicon to that of the slot material Si-

nc. So to boost the field enhancement in low index slot region, material with high 

refractive index is preferable. The background of PCF is made of silicon which has 

refractive index of 3.48 at 1.55μm  [207]. An elliptical slot is inserted in the core 

b 
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Si 

Si-nc 

air hole 
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region having semi minor axis of 'a' and semi major axis of 'b'.  Refractive index of 

Si-nc can be calculated from the Sellmeier's equation [216]: 

                                                  ( )    
   

 

     
 

   
 

     
 

   
 

     
            (5.1) 

Where B1= 0.01, B2= 1.96, B3= 1.41, C1=0.09 μm
2
, C2= 0.005 μm

2
, C3= 770.6 μm

2
 

and λ is the wavelength of operation. 

In comparison to conventional fiber, the elliptical slot spiral PCF offers 

enhanced freedom in engineering nonlinearity, dispersion and birefringence. 

Nanometer size slot introduces asymmetry between the two axes and hence large 

birefringence is obtained. The strong mode confinement and highly nonlinear material 

are proved to be beneficial for the proposed PCF in demonstrating ultrahigh nonlinear 

coefficient. 

Due to the rapid advancements in fabrication techniques [236-239], it is 

possible to fabricate silicon PCF with less hassle. Firstly, a silica PCF with an 

elliptical shaped air hole in the core of the fiber is fabricated. Then silica PCF is 

converted to Silicon MOF by using magnesiothermic reduction technique. Finally, Si-

nc layer is deposited in elliptical air hole by applying the Modified Chemical Vapour 

Deposition Method (MCVD) and then proposed structure could be fabricated. In the 

proposed , the losses originating from multiple mechanisms can be classified into 

three groups - confinement loss, scattering loss and absorption loss. Scattering loss 

occurs due to imperfections in fiber surface which can be reduced by using upgraded 

fabrication techniques. Although, the confinement loss of design is low because the 

imaginary part of quasi TE mode is on the order of 10
-7

. Confinement losses can be 

further reduced by employing more layers of air holes. It should be noted that silicon 

fiber having losses nearby 5dB/cm is feasible [240].  On that account, it is concluded 

that the proposed design can be used to realize all-optical signal processing. 

5.4.2 Characterization and Optical Properties of Slot Spiral PCF 

In recent years, various theoretical models for analysis of PCFs have been developed, 

such as FEM, Plane Wave Method, Effective Index Method, Beam Propagation 

Method, and FDTD. At present, the FEM has become the most popular model to 

analyze the PCF characteristics, as flexibly and accurately; it can deal with 
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complicated structures on cross section. The basic equation for the FEM analysis, 

from Maxwell‘s equations, is given as,  

                                                    ([  ]
     )    

 [  ]               (5.2) 

 Here, εr and μr denotes the relative dielectric permittivity and magnetic 

permeability tensors, E denotes the electric field; k0 is the free-space wave number, 

respectively. When a full-vector FEM is applied to PCFs, the fiber cross section is 

divided into a number of curvilinear hybrid elements these allow us a better 

approximation of the PCF structure. Guided fundamental mode is the symmetric 

quasi-TE mode which has high power confinement factor in the slot structure [135], 

the modal properties of other guided mode, quasi-TM mode is also studied. The modal 

effective index n can be found by analyzing the modal propagation constant. With the 

optimum fiber parameters that are mentioned in table 5.2, the field distribution of 

fundamental modes of fiber is achieved at 1.55μm that is shown in Fig. 5.2(a) and (b) 

Table 5.2: Ellipse slotted PCF  (design 1) parameters values for vertically aligned Slot 

Radius (distance 

between center 

of slot to center 

of air hole 

Slot 

Semi 

minor 

axis 

Slot 

Semi 

major 

axis 

Diamet

er of air 

holes of 

first 

ring 

d1 

Diameter 

of air 

holes of 

second 

ring 

d2 

Diameter 

of air 

holes of 

third ring 

d3 

Diameter 

of air 

holes of 

fourth 

ring 

d4 

450 nm 32 nm 220 nm 400 nm 600 nm 800 nm 1000 nm 

 

 

 

 

 

 

 

Fig.5.2 Field distribution of fundamental modes  (a) Quasi TE-mode  and(b) Quasi TM-mode 

at 1.55 μm for vertically aligned Si-NC slot 
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Effective refractive index of fundamental quasi modes at 1.55 μm wavelength 

is 2.478 and 2.725. Cut off wavelength of this proposed fiber is 1.495 μm at above 

mentioned parameter values. From Fig.5.2(a) we can see that power confinement 

outside the slot region is very low for Quasi TE mode. Here the term vertical slot 

signifies that electric field discontinuity that provides a strong electric field 

confinement inside the slot take place at vertical interface so quasi TE polarization is 

supported in this design. On the other hand, when the slot is rotated in a horizontal 

direction, the quasi TM mode will become the polarized mode. 

 

5.4.3 Research Outcomes and Discussion 

For analyzing the impact of slot geometry parameters on modal birefringence, the 

effects of width and height of slot on the fiber birefringence are studied within the 

wavelength range from 1.495 μm to 1.825 μm. The fiber design is numerically 

simulated using FEM. The cross section of PCF is divided into small discrete 

elements; these allow us a better approximation of the PCF structure.  The optimum 

value of the effective refractive index, neff, can be obtained by solving the Maxwell 

equation by FEM. Once we obtained the value of neff, birefringence (B) can be 

obtained by calculating the difference of effective indices of two fundamental modes 

as given by the following expression 

                        |    
      

 
|               (5.3) 

In equation (5.3),     
  and     

 
 denote the refractive index of x polarization 

mode and y polarization mode, respectively. The elliptical slot significantly breaks the 

symmetry of PCF leading to a large difference in effective index between the two 

fundamental modes. Progressively increasing the diameter of air holes in cladding 

region not only provide a good mode confinement but it also disturbs the symmetry of 

the structure, due to which very high birefringence is achieved. 

In Fig.5.3(a), birefringence increases as 'a' increases. Increase in minor 

dimension 'a' of elliptical slot leads to generate more geometrical deformity that will 

result in a large difference between fundamental modes. But this characteristic shows 

different behavior for 'b' values that are shown in Fig.5.3(b). Initially, birefringence 

values are increasing as the fiber parameter 'b' increases for constant 'a' = 32 nm, but 
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after 'b' = 220 nm value, birefringence decreases. As for small values of 'b' maximum 

field is confined in slot region but for higher values of 'b' field enhancement weakens. 

 

(a) 

 

(b) 

Fig.5.3 Birefringence Vs wavelength for vertical aligned slot in core with variation in (a) 

Semi Minor axis 'a' for 'b' = 220 nm  and  (b) Semi Major axis 'b' for 'a' = 32 nm. 

 

Consequently, the difference of effective refractive indices of two fundamental quasi 

modes reduces.  For optimum values of design parameters, the value of birefringence 

is obtained as 0.2503 at 1.550 μm wavelength. Beat length of proposed design at 1.55 

μm is 6.19 μm. Beyond 34 nm, two fundamental modes are not achieved. If the value 

of 'b' is increased beyond 220 nm, the value of birefringence is decreasing. So it is not 
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possible to calculate birefringence beyond this value. At 'a'= 34 nm and 'b' = 220 nm, 

birefringence is 0.25508 found at 1.55 μm. 

Now, if the slot is arranged in a horizontal direction, properties of the PCF 

design are changed slightly. At the following fiber parameters presented in table 5.3. 

Table 5.3: Ellipse Slotted PCF ( design 1)  parameters values for horizontally aligned slot 

Radius (distance 

between center 

of slot to center 

of air hole 

Slot 

Semi 

minor 

axis 

Slot 

Semi 

major 

axis 

Diameter 

of air 

holes of 

first ring 

d1 

Diameter 

of air holes 

of second 

ring 

d2 

Diameter 

of air 

holes of 

third ring 

d3 

Diameter 

of air 

holes of 

fourth 

ring 

d4 

450 nm 32 nm 220 nm 400 nm 600 nm 800 nm 1000 nm 

 

The electric field intensity distribution of fundamental quasi modes are shown 

in Fig.5.4. The effective index of quasi TM mode and quasi TE mode is 2.4926 and 

2.7179 respectively. 

                  

Fig.5.4 Electric Field intensity distribution of fundamental modes for (a) Quasi-TM Mode and    

(b) Quasi-TE Mode at 1.55 μm for horizontally aligned slot 

 

In the case of horizontally aligned slot region, we have more flexibility to 

increase the dimensions of the slot. In this structure, due to the more gap between two 

air holes along the vertical direction, major semi axis 'b' can be varied for long length 

as compared to previous one. Fig.5.5(a) depicts that as the values of 'a' are increasing, 

more asymmetry is generated within the structure that will lead to more birefringence. 
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Similarly, for increasing values of 'b' increased birefringence is also obtained as 

shown in Fig.5.5(b). For optimum values of design parameters, the value of 

birefringence is found to be 0.2253 at 1.55 μm wavelength. Beat length of proposed 

design at 1.55 μm is 6.88 μm. 

 

(a) 

 (b) 

Fig.5.5 Birefringence Vs wavelength for horizontally aligned slot in core with variation in (a) 

Semi Minor axis a'' for b = 220 nm  and  (b) Semi Major axis b'' for a = 32 nm. 

 

Nonlinearity is another crucial property of PCFs. Nonlinear coefficient γ of 

proposed PCF can be obtained by using the following numerical equation (5.4) 

                                       γ  
    

     
              (5.4)

 where,      denotes the effective area of PCF, n2 denotes the nonlinear 

refractive index of the material, λ is the wavelength of operation. Here the nonlinear 
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refractive indices of Si-nc and Si are 0.47x10
-16

 m
2
/W and 5x10

-18
 m

2
/W, respectively 

[218,241]. The effective area has a great importance in the context of nonlinearity, and 

it also affects the confinement loss, bending loss, splicing loss, etc. Thus an 

understanding of effective area is important for analyzing the nonlinear phenomenon. 

     is an effective area of PCF which is calculated by using the following equation 

(5.5): 

                                             
(∬       

 

  
) 

∬       
 

  

             (5.5) 

The effective area of PCF depends on the electric field confinement in the core 

of the fiber. Small effective mode area results in large nonlinearity which would have 

many applications like parametric amplification, SCG, soliton pulse transmission, 

FWM and many nonlinear applications [140]. 

 (a) 

(b) 

Fig.5.6 Nonlinearity variation of fundamental mode of vertical slot at 1.55 μm wavelength 

with variation in (a) Semi Minor axis 'a'  and  (b) Semi Major axis 'b' 
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In Fig.5.6 nonlinear coefficient γ of PCF for both fundamental quasi modes is 

shown with varying semi minor axis 'a' and semi major axis 'b'. It is evident from 

Fig.5.6 (a) that as we increase the value of 'a', the value of nonlinear coefficient 

decreases. The reason is that as we are increasing 'a', the effective mode area is 

increasing, and hence the light confinement ability or confinement factor decreased. In 

Fig. 5.6(b),  depicts the effect of 'b' on nonlinearity. As we increase 'b', nonlinearity 

increases as light become more confined. For vertically alligned slot structure, at 1.55 

μm, the nonlinear coefficient γ, 1348 W
-1

m
-1

 and 638 W
-1

m
-1

for quasi-TE and quasi-

TM modes is achieved. As per the figures stated above, it is observed that nonlinearity 

or electric field strength is more sensitive to the variation of minor semi axis 'a' as 

compared to the major semi axis 'b'. It is also found in this structure, that after varying 

the parameters, 1890 W
-1

m
-1

 is the highest achievable nonlinearity. For horizontal slot 

structure, the nonlinear coefficient γ for quasi-TM and quasi-TE modes are 1290 W
-

1
m

-1
 and 634 W

-1
m

-1
, respectively.  

It is important to have long distance communication without any distortion but 

as it is known that dispersion limits the transmission distance and speed and so it is 

necessary to compensate it for long haul transmission. For this purpose, we need to 

have a negative dispersion for compensating the broadening of the pulse that occurs 

due to the inherited dispersion. Having large negative dispersion can also nullify the 

need of long fibers and help in reducing the cost.  The total chromatic dispersion is 

defined as the summation of material dispersion and geometric dispersion. The 

material dispersion cannot be changed once the material is embedded in the fiber and 

is determined by the wavelength dependence of the fiber material. On the other hand, 

the geometrical dispersion can be controlled by altering the parameters of the fiber 

like pitch and hole size. The total chromatic dispersion of the PCFs is calculated using 

following expression [242]:  

                                D (λ) = -  
 

    (    )

   
               (5.6) 

In equation (5.6), c is the speed of light in vacuum and λ denotes the operating 

wavelength. 

 The large index contrast between Si-nc and Silicon leads to strong light 

confinement in slot region. In this structure, dimensions of slot region are at the 

nanometer scale. A small variation in any dimension of slot region leads to large 
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variation in the total chromatic dispersion. So the overall dispersion is dominated by 

waveguide dispersion. This corroborates that the total dispersion is governed by the 

slot dimensions in this particular structure. 

 

(a) 

 

(b) 

Fig.5.7 Dispersion Vs wavelength for vertically aligned slot with variation in (a) Semi Minor 

axis 'a' and (b) Semi Major axis b. 

 

Fig.5.7 depicts the variation effect of semi minor axis 'a' and semi major axis 'b' on the 

chromatic dispersion of proposed PCF design. We can notice from Fig.7 that as values 

of 'a' are increasing, dispersion decreases rapidly. If 'a' is further increased, 

confinement is not obtained. So we cannot calculate dispersion beyond this value. 

Similarly, for increasing values of 'b', dispersion decreases rapidly. The value of 'b' 

cannot be increased beyond 240 nm because the slot will touch or merge with the air 
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holes of first ring. The large negative dispersion value makes this PCF design as a 

good DCF element. At optimum parameters, for vertically aligned slot structure, 

values at 1.55 μm wavelength, large negative dispersion value -1228 ps/nm/km is 

achieved. Whereas, in horizontally aligned slot structure for optimum design 

parameters the dispersion at 1.55 μm wavelength is -1005 ps/nm/km obtained. 

It is worth noting that peak values of above mentioned fiber characteristics 

cannot be achieved simultaneously, as there is a trade off that occurs between the 

characteristics and so the optimum value point has to be considered, according to the 

need for specific applications. 

 We can conclude that ultra high nonlinearity, high birefringence with large 

negative dispersion can be attained by introducing a highly nonlinear elliptical slot in 

the core region. It has been shown through numerical results that by optimizing the 

fiber parameters, nonlinear coefficient of the fundamental quasi-TE mode, 

birefringence, and dispersion at the wavelength of 1.55 μm can be 1348 W
-1

m
-1

 , 

0.2503 and -1228 ps/nm/km respectively. The proposed design can be used for 

nonlinear signal processing applications. This high birefringence can also be used to 

reduce the PMD effect and many other applications such as sensing applications. 

 

5.5 Ultrahigh Nonlinear Polarization Maintaining PCF with Flat 

Negative Dispersion 

Further enhancement of optical characteristics can be done in this section by varying 

the design parameters. This will help in gaining better results for different 

characteristics like nonlinearity, birefringence, and dispersion. Due to the 

improvement of the optical characteristics, the proposed PCF can realize the benefits 

of various applications at very low length. The size reduction of the fiber will also 

make it compatible with the photonic integrated circuits (PICs). 

In continuation of the previous research work that has been already discussed 

in the literature review and in section 5.4, it can be understood that for the purpose of 

achieving high nonlinearity, large birefringence and large negative dispersion, the 

refractive index contrast between the slot and the background material has to be very 

high. For this purpose, the slot should have low refractive index as well as high 
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nonlinear refractive index [243], and background material should have high refractive 

index[244]. 

 

5.5.1 Design of Elliptical Slot Spiral PCF 

The cross-sectional view of this slotted spiral PCF design is similar to the previous 

structure and is shown in the fig. 5.1. The circular air holes in the cladding are 

arranged in the spiral lattice with air holes having diameter of d1, d2, d3, d4, that are 

having different dimensions from the previous structure. Spiral lattice has 6 arms, 

each having 4 air holes and the distance from center to air holes of the first ring is r. 

The air hole arranged in an arm is at an angular increment of θ than the previous one. 

Diameter of air holes is enlarged step by step for good mode confinement [174]. The 

background material in PCF is chosen as silicon, in addition to this an elliptical slot of 

silicon nano-crystal is embedded in the core of the PCF with semi minor axis of 'a' 

and semi major axis of 'b'. This slot introduces asymmetry between the two axes and 

hence induces birefringence. The presence of elliptical slot in core region offers better 

mode confinement, which in turn provide ultrahigh nonlinearity. 

Light confinement mechanism inside the slot will remain the same for both the 

designs but this design offers more enhanced light intensity inside the slot region as 

compared to previous results. As it is discussed previously that enhancement results 

from the continuity of the normal component Dx of the dielectric displacement that is 

oriented parallel to the substrate plane [16]: 

                                                                                                          (5.7) 

                                                                                                          (5.8) 

                                                                                     √                                               (5.9) 

So to maintain the boundary conditions at core-cladding interface, the electric 

field in the slot must be enhanced by  

                                                                 
   
     

 (
   
     

)
 

                                               (    )    

Here background material is silicon which have a high refractive index nSi = 

3.48 at 1.55 µm and slot is embedded with silicon nanocrystals having refractive index  

nslot = 1.5. Therefore, electric field is more confined in slot region and enhanced by a 

factor of 5.38 over the electric field in the silicon, which is a significant increase 

[16,208]. 
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In comparison to conventional fiber, the elliptical slot spiral PCF offers 

increased freedom in tailoring birefringence and nonlinearity. The mode is well 

confined in elliptical slot region. The term vertical defines that electric field 

discontinuity, which provides strong field confinement inside the low index slot 

region occurs at the vertical interface [13-18]. For this purpose, quasi TE polarization 

must be used. The modal distribution of fundamental quasi modes of fiber at 1.55 μm 

is shown in fig. 5.8(a) and (b) with fiber parameters as mentioned in table 5.4. 

Table 5.4:  Ellipse Slotted PCF  (design 2)  parameters values for vertically aligned slot 

Radius (distance 

between center 

of slot to center 

of air hole 

Slot 

Semi 

minor 

axis 

Slot 

Semi 

major 

axis 

Diameter 

of air 

holes of 

first ring 

d1 

Diameter 

of air 

holes of 

second 

ring 

d2 

Diameter 

of air 

holes of 

third ring 

d3 

Diameter 

of air 

holes of 

fourth ring 

d4 

400 nm 30 nm 200 nm 340 nm 540 nm 680 nm 860 nm 

The effective index of quasi-TE and quasi-TM mode are 2.3505 and 2.6427, 

respectively. Cut off wavelength of design is 1.495 μm for above fiber parameters. 

 

 

 

 

 

Fig.5.8 Field distribution of fundamental modes for (a)  quasi TE mode and(b) quasi TM 

mode at 1.55 μm for vertically aligned Si-nc slot 

5.5.2 Research Outcomes and Discussion 

In this work, to analyze the slotted spiral PCF, a full vector FEM is used. The FEM 

directly solve the Maxwell equations to obtain an optimum value of the effective 

refractive index, neff. Once we get the value of neff, birefringence B can be calculated 



89 
 

by taking the difference of effective indices of fundamental quasi modes, and it is 

given by following formula 

                                                                |    
      

 
|               (5.11) 

where     
  and     

 
 indicates the refractive index of x polarization mode and y 

polarization mode, respectively. The elliptical slot significantly breaks the symmetry 

of PCF leading to large effective index difference between the two fundamental mode. 

Due to which very high birefringence can be achieved. 

 (a) 

 

      (b) 

Fig.5.9 Birefringence Vs wavelength for vertical aligned slot in core with variation in (a) 

Semi Major axis 'b' for 'a' = 30 nm  and  (b) Semi Minor axis 'a' for 'b' = 200 nm. 
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As shown in Fig.5.9(a), birefringence values are increasing as the fiber 

parameter 'b' increases for constant 'a' = 30 nm, because of the higher values of semi 

major axis 'b' large asymmetry is induced in the fiber. But in the case of semi minor 

axis 'a', behavior of variation in birefringence is different. As it is depicted in 

Fig.5.9(b), birefringence first increases as 'a' increases but after 'a' = 36 nm, as we 

increase 'a', birefringence decreases. Because for small values of 'a', maximum field is 

confined in slot region but for higher values of 'a' field enhancement weakens. For 

optimum values of design parameters, the value of birefringence is found to be 

0.292219 at 1.55 μm wavelength. Beat length of proposed design at 1.55 μm is 5.3 

μm. 

Now, if the slot is arranged in a horizontal direction, properties of the PCF 

design are changed slightly. At the following fiber parameters given in table 5.5. 

Table 5.5: Ellipse Slotted PCF (design 2)  parameters values for horizontally aligned slot 

Radius 

(distance 

between center 

of slot to center 

of air hole 

Slot 

Semi 

minor 

axis 

Slot 

Semi 

major 

axis 

Diameter 

of air 

holes of 

first ring 

d1 

Diameter 

of air 

holes of 

second 

ring 

d2 

Diameter 

of air 

holes of 

third ring 

d3 

Diameter 

of air holes 

of fourth 

ring 

d4 

400 nm 30 nm 200 nm 340 nm 540 nm 680 nm 860 nm 

The electric field intensity distribution of fundamental quasi modes are shown 

in Fig.5.10. The effective index of quasi TM mode and quasi TE mode is 2.371 and 

2.634 respectively. 

 

 

 
 

    

 

   
         
         
         
         
          

 

Fig.5.10 Field distribution of fundamental modes for (a) quasi-TM mode and (b) quasi-TE 

mode at 1.55 μm for horizontally aligned Si-nc slot 
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Due to the large gap between the air holes along the horizontal direction, the 

major semi axis length can be longer than the previous fiber structure. Birefringence 

values are observed within the range of semi major axis 'b' from 200 nm to 300 nm, 

similarly for semi minor axis 'a' from 24 nm to 42 nm. 

 
(a) 

      (b) 

Fig.5.11 Birefringence Vs wavelength for horizontally aligned slot in core with variation in 

(a) Semi Major axis 'b' for 'a' = 30 nm  and  (b) Semi Minor axis 'a' for 'b' = 200 nm. 

As shown in fig.5.11(a), birefringence increases as we increase 'b', but if we 

further increase 'b' value, then birefringence is decreased. As an example, for 'b' =  300 

nm after 1.55 μm, birefringence values are lower than for 'b' = 240 nm. Similarly, 

birefringence increases as we increase 'a' but after 36 nm birefringence values start 

decreasing, as shown in fig.5.11(b). For optimum values of design parameters, the 
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value of birefringence is found to be 0.26239 at 1.55 μm wavelength. Beat length of 

proposed design at 1.55 μm is 5.91 μm. 

Another important feature of PCFs is nonlinearity that can be calculated by the 

following equation 

  
    

     
                        (5.12) 

where, Aeff  refers to effective area of PCF, n2 is the nonlinear refractive index 

of the material used, and λ is wavelength of operation. Here the nonlinear refractive 

indices of Si and Si-nc are 5 x 10
-18

 m
2
/W and 1 x 10

-16
 m

2
/W, respectively [15,243]. 

Aeff  is effective area of PCF which is given by  

     
(∬  (   )     

 

  
) 

∬  (   )     
 

  

           (5.13) 

The effective area of PCF depends on the confinement of electric field in the 

core of the fiber. Small effective mode area leads to large nonlinearity that would have 

many applications such as SCG, HNLF, soliton pulse generation and various 

nonlinear applications. 

  

   (a)      (b) 

Fig. 5.12 Effective area vs. wavelength for variation in (a) semi minor axis 'a' and (b) semi 

major axis 'b' 
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It is observed from Fig. 5.12 that as the value of semi minor axis 'a' increases, 

effective area get enlarged. Similarly, as the semi major axis 'b' increases, the effective 

area is increasing. So it is concluded that as the wavelength increases, the effective 

mode area increases that means light confinement area increases with wavelength. 

Large effective area has adverse effects on nonlinearity and so nonlinearity also 

decreases for higher wavelengths. Variation of nonlinearity for different slot 

dimensions is described below. 

 

      (a)     

       (b) 

Fig.5.13 Nonlinearity variation of fundamental mode at 1.55 μm wavelength with variation in 

(a) Semi Minor axis 'a' and (b) Semi Major axis 'b' 
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In Fig.5.13 nonlinear coefficient γ of PCF for both fundamental modes is shown with 

varying semi minor axis 'a' and semi major axis 'b'. It is apparent from Fig.5.13 (a) 

that the nonlinear coefficient value decreases as we increase 'a'. The reason is that as 

we are increasing 'a', the effective mode area is increasing and so the light 

confinement ability, or confinement factor decreases. 

  

(a)     (b) 

Fig.5.14 Confinement factor variation at 1.55 μm wavelength with variation in (a) Semi 

Minor axis 'a' and (b) Semi Major axis 'b' 

Fig.5.14 (a) shows the variation of Confinement factor with semi minor axis 'a'  

that is supporting the last statement. In fig. 5.13(b) and 5.14(b), the effect of semi 

major axis 'b' on nonlinearity and confinement factor is presented. As we increase 'b', 

nonlinearity and confinement factor increases but when 'b' is greater than 200 nm both 

the values start decreasing. At 1.55 μm we have found that the nonlinear coefficient γ 

is 2951 W
-1

m
-1

 and 1379 W
-1

m
-1 

for quasi-TE and quasi-TM mode respectively and 

nonlinearity decreases with increase in wavelength.  

Due to the increased traffic over transmission lines, the higher bit 

transmissions of more than 40 Gbps have been implemented in WDM technique. 

Distortion in the transmission caused by dispersion in a SMF severely restrict the high 

data rate transmission. Dispersion can be suppressed through a DCF. Large negative 

dispersion is required to compensate the dispersion incurred during the propagation of 

light through the fiber. Also, if the fiber is providing very high negative dispersion 
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values then the required fiber length to compensate the dispersion is reduced. The 

dispersion value can be measured through the relation [242], 

   D = Dm + Dw =  
 

 

   ( )

   
                     (5.14) 

 

Fig.5.15 Effective index variation with wavelength for quasi TE mode at semi minor axis 'a' = 

30 nm and semi major axis 'b' = 200 nm 

 Fig. 5.15 shows the variation of effective refractive index variation with 

wavelength that can be used to determine the chromatic dispersion. As dispersion is 

the second derivative of effective index with variation in wavelength.  

 
Fig.5.16  Dispersion for quasi TE mode at semi minor axis 'a' = 30 nm and semi major axis 

'b' = 200 nm 
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From Fig. 5.16, it is found that in this design, large negative dispersion is 

achieved as compared to the previous design. Also this design offers flat negative 

dispersion as compared previous design. Comparison of first design and second design 

at 1.55 μm wavelength is presented in table 5.6. 

Table 5.6:  Comparison of design 1 and design 2 at 1.55 μm wavelength 

 

  

 

 

 

 

As it is evident from table 5.6, that the nonlinearity and birefringence are much 

higher in the second design than the first design because the fundamental quasi modes 

are more tightly bounded in the slot of the core region due to the high index contrast 

between the slot and the cladding. The large negative dispersion is also achieved that 

reduce the required DCF length.  

Due to superior optical properties, the proposed fiber can be an excellent 

candidate for either all optical nonlinear signal processing or maintain single 

polarization, or in nonlinear optics applications. It can be concluded that ultra high 

nonlinearity and high birefringence can be attained by introducing a highly nonlinear 

elliptical slot in the core region. It has been shown through numerical results that by 

optimizing the fiber parameters, nonlinear coefficient of the fundamental quasi-TE 

mode and birefringence at the wavelength of 1.55 μm can be as high as 2951 W
-1

m
-1

 

and 0.292219, respectively. This high birefringence can be used to reduce the PMD 

effect and many other applications such as sensing applications. 

 

5.6 Ultrahigh Nonlinear Polarization Maintaining Rectangle Slotted 

PCF with Negative Dispersion 

Optical properties such as a birefringence, chromatic dispersion, confinement loss, 

and nonlinear effects are highly important for any communication. PCF are the most 

promising candidate to achieve desired properties. By tailoring physical parameters 

including the diameter of the air holes, the shape of the holes, the defect at the center 

 Birefringence Nonlinearity Dispersion 

Design 1 0.2503 1348   W
-1

m
-1 

-1288 ps/nm/km 

Design 2 0.2922 2951   W
-1

m
-1

 -2746 ps/nm/km 
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of the fiber, the number of air hole rings in the area surrounding the core and the 

spacing between the adjacent air holes, it can be possible to achieve desired properties 

through the PCF. 

5.6.1 Rectangle Slotted PCF Structure 

In this section, the rectangular slot is embedded in the center of the core instead of 

elliptical slot in low index guiding PCF structure. The area of rectangle slot region in 

this design is kept same as elliptical slot region of first design (explained in section 

5.4). The material used in rectangle slot region is silicon nanocrystal and the 

background material is silicon. Employing the Si-nc rod has many advantages that are 

as follows. Firstly, tight mode confinement can be achieved with the low index 

elliptical Si-nc rod with high nonlinear refractive index (n2), which can ultimately 

provide ultrahigh nonlinearity. Additionally, the presence of the central rectangle Si-

nc slot gives more flexibility to control the chromatic dispersion properties of the fiber 

and also introduce the asymmetry in the proposed fiber leading to an ultrahigh 

birefringence. FEM is utilized to examine the transmission properties of the proposed 

design, such as, the birefringence, chromatic dispersion, effective mode area and the 

nonlinearity. 

 

Fig.5.17 Cross sectional view of rectangle slotted PCF (third design) 
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The proposed rectangle slotted silicon PCF structure is shown in the Fig. 5.17. 

All the circular air holes of the varying radius in the cladding are arranged in a spiral 

lattice. To obtain the good mode confinement in the core region, diameters of air holes 

in cladding region are in increasing order d1˂ d2˂ d3˂ d4 [174]. The spiral lattice 

structure is having six arms and each arm having four air holes. The distance from 

center to each air hole of the first ring is r. The air hole in an arm are placed at an 

angular increment of θ than the previous one. The benefit of using spiral lattice 

structure is that number of air holes gets reduced compared to the normal triangular 

lattice, which in turn results in small effective mode area. The background of PCF is 

silicon which has the high refractive index of 3.48 at 1.55μm and nonlinear refractive 

index of 5 x 10
-18

 m
2
/W [13]. Rectangle slot in core region is having height of 'a' and 

width of 'b'. Refractive index of Si-nc can be calculated from the Sellemier's 

equation[216] and nonlinear refractive index is 4.8 x 10
-17 

m
2
/W [13]. 

In fig. 5.18(a) and (b), fundamental quasi modes field distribution of fiber at 

1.55 μm is shown with fiber parameters as presented in table 5.7. 

Table 5.7: Rectangle Slotted PCF  (design 3)  parameter values for vertically aligned slot 

Radius (distance 

between center 

of slot to center 

of air hole 

 Slot 

Height 

 Slot 

Width 

Diameter 

of air 

holes of 

first ring 

d1 

Diameter of 

air holes of 

second ring 

d2 

Diameter 

of air 

holes of 

third ring 

d3 

Diameter 

of air 

holes of 

fourth ring 

d4 

400 nm 450 nm 50 nm 400 nm 600 nm 800 nm 1000 nm 

 

 

 

 

 

 

 

 

   (a)      (b) 

Fig. 5.18  Electric field distribution of fundamental quasi modes at 1.55 μm wavelength (a)  

quasi-TE mode (b) quasi-TM mode 
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The effective index of slow and fast axis modes are 2.7382 and 2.4793, respectively. 

5.6.2 Research Outcomes and Discussion 

In comparison to the traditional fiber technology, in which the light is propagated 

having different refractive indices using solid glasses, through PCF technology 

various new characteristics can be realized. These unique characteristics can define 

the various applications. 

FEM, is utilized to calculate the effective indices of both fundamental 

polarized modes through solving Maxwell's equation, which is suitable for examining 

our fiber structure. Through determination of the effective indices, birefringence, the 

chromatic dispersion, effective mode area and the nonlinear coefficient can be 

realized.  

 For the applications such as, coherent optical communication system, fiber 

optical sensors and interconnection of polarization sensitive devices, maintaining a 

SOP for large distance is an essential requirement [244]. The polarization state can be 

maintained by (i) increasing the birefringence deliberately to reduce the power 

coupling between the linearly polarized modes and (ii) by twisting the fiber, which is 

having low birefringence, to reduce the coupling between modes [245]. 

By varying the geometrical parameters of the fiber or by exerting the stress to 

the core, the high birefringence can be achieved. This high birefringence can be 

beneficial to reduce the coupling between the modes of degeneration.  
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      (b) 

Fig.5.19 Birefringence as a function of wavelength when slot height 'a' and slot width 'b' are 

varied 

From fig.5.19, it is clear that highest birefringence is achieved in this design at 

a = 450 nm and b = 50 nm. Maximum birefringence for this design is 0.2589 at 1.55 

μm. So the beat length of proposed design at 1.55 μm is 5.99 μm whereas the 

conventional fiber has beat length in meters. .  This small value of beat length makes 

the fiber useful as a polarization maintaining fiber. If slot height 'a' and slot width 'b' is 

reduced from optimum value then birefringence decreases. Here, slot height 'a' cannot 

be increased beyond 450 nm, otherwise it will touch the air holes of first ring. The 

design is also analyzed for higher values of slot width 'b' but at those values we are not 

getting birefringence for whole wavelength range from 1.495 μm to 1.825 μm. 

The effective area of the fiber core Aeff is defined as, 

                                                              
(∬ |  |

  

 
    ) 

∬ |  |
  

 
    

          (5.15) 

Here, Et denotes the transverse electric field vector and S denotes the whole 

fiber cross section [128]. When the air-hole size is increased, the mode becomes more 

confined, and in turn, the effective area and the confinement loss are both reduced. In 

addition to that, by increasing the number of air-holes rings, the confinement loss can 

be decreased significantly. On the other hand, the effective mode  area is found to be 

independent of the number of air-holes rings. 
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The crucial parameter nonlinearity is related to the effective mode area and its 

parameter is given by:  

                                        
    

     
               (5.16)  

 Here, n2 = 5x10
-18

 m
2
/w is the nonlinear refractive index of silicon material 

[15]. Stimulation of high nonlinearity can be expected from the PCFs, since they have 

the capability to confine light with high intensity. Effective mode area is related to the 

nonlinearity as higher the mode area, the lower will be the effect of nonlinearities.  
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(b) 

Fig. 5.20 (a) Effective area and Nonlinearity variation with variation in slot height    (b) 

Effective area and Nonlinearity variation with variation in slot width 

The variation of effective mode area and nonlinear coefficient with wavelength 

is shown in Fig. 5.20. Effective area defines the area in which the electric field is 

confined. The wavelength is related to the effective area and the nonlinearity. As the 

effective mode area increases with wavelength correspondingly nonlinearity decreases 

with wavelength. With the low effective mode area and higher index difference, 

higher nonlinear coefficient can be achieved. The mode area is 0.12 μm
2
 at 1.55 μm. 

Fig. 5.20 shows that as the slot height 'a' is increasing, the effective area is decreasing 

that results in higher nonlinearity. But, if slot width 'b' is increasing the effective area 

is decreasing, therefore the nonlinearity reduces. For b = 55 & 60 nm, the light is not 
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confined beyond 1.605 μm within the core region so we are not getting effective area 

and nonlinearity for these two values. As the electric field has Gaussian distribution so 

for large values of 'a', peak value of electric field are well confined within the slot 

which leads to more nonlinearity. Thus, nonlinearity is more sensitive to the variation 

in slot height 'a', therefore effective nonlinearity is high. For the slot dimension at 

which the slotted area of this design and first design are same, nonlinearity up to 1614 

W
-1

m
-1 

is obtained.  

In optical communication system, information carrying capacity of the PCF is 

significantly affected by chromatic dispersion of the fiber. Hence, it becomes essential 

to study the chromatic dispersion behavior in the PCF. Control of chromatic 

dispersion in PCF generates numerous applications in optical domain such as DCF, 

nonlinear optics, etc. [86] as PCFs has the property of design flexibility. By varying 

the air-holes diameter and the air-holes pitch, the chromatic dispersion can be easily 

controlled. Till now, PCFs with noteworthy dispersion properties have been observed. 

The chromatic dispersion D can be calculated from the effective refractive 

index of the fundamental mode neff and it is a second order derivative of refractive 

index with variation in the wavelength.  

    D = Dm + Dw = -  
 

    (    )

   
                   (5.17) 

where c is the velocity of light in a vacuum. The material dispersion using 

Sellmeier equation is already considered in formulations. 
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      (b) 

Fig.5.21 Dispersion characteristics as a function of wavelength for the PCF with variation in  

(a) slot height 'a' (b) slot width 'b' 

 

It has been carefully investigated the dispersion behaviour with the variation in 

slot dimensions that is shown in fig 5.21. If slot height 'a' is increased then more 

negative dispersion is achieved. Similarly for larger values of slot width 'b', high 

negative dispersion is achieved. This shows that in slotted PCF structures, the 

dispersion is mainly determined or depended on waveguide dispersion. 

Table 5.8 given below, consists of the comparison of different optical 

characteristics of the design 1 and design 3. 

Table 5.8: Comparison between different designs (design 1 and design 3) 

 Birefringence Nonlinearity Dispersion 

Design 1 0.2503 1348   W
-1

m
-1  

(Quasi-TE mode) -1288 ps/nm/km 

Design 3 0.2589 1614  W
-1

m
-1

   (Quasi-TE mode) -1251 ps/nm/km 

 

Design 3 is not only providing better properties as compared to design 1, but 

fabrication of rectangle slot is much easier as compared to elliptical slot. It can be 

observed that the birefringence and nonlinearity achieved in third design is higher 

compared to the first design. Nevertheless, first design has attained slightly large 

negative dispersion than the third design. The enhancement of effective nonlinearity 

realizes the compact nonlinear devices with low power, which offers new possibilities 
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in the domain of all-optical signal processing. Due to the large birefringence, design 

also has extensive applications in PMFs, optical fiber sensors, coherent optical 

communications systems, etc.  

 

5.7 Slot Spiral PCF Application: Nonlinear Optical Signal Processing  

With the growing researches in the direction of achieving efficient optical signal 

processing, ‗green photonics‘ is an alternative that has been adopted to gain improved 

performance with lower costs and energy. The aggrandizing high bandwidth 

requirement and fast signal transmission have greatly affected the energy consumption 

and cost factor. Due to the increasing number of Internet users, data and video 

sharing, data collection systems, cloud computing and data storing have been 

increased. This huge Internet traffic is likely to grow with the higher-capacity network 

infrastructures. This issue has raised the concern about power consumption and 

efficiency of the devices used in the optical network. For tackling this issue, the 

‗Green Photonics‘ term is coined to induce a wave of advanced technologies and 

strategies that can ensure the energy efficiency of the devices, lower power 

consumption, and cost effectiveness. The ‗Green‘ term here represents the better 

optical output at lower power consumption that can help in preventing the loss of 

environment and resources [221].  

Additionally, through having benefits of the unlimited bandwidth of optics and 

femtosecond response of the materials, the green photonics can improve the 

transmission of signals by providing fast responses and efficient use of network 

resources. HNLF in the optical signaling field plays a major role in supporting green 

photonics solutions [104]. Utilizing the third order or second order nonlinearity with 

the HNLFs can be crucial for implementing the green photonic solutions [246]. 

Additionally, to provide green operation through optical signal processing, materials 

such as Silica, Silicon, periodically poled lithium niobate (PPLN), Bismuth oxide, 

Chalcogenide, and Tellurite are used to create nonlinear fibers suitable for signal 

processing. Out of these, silica based HNLFs is one of the most common choices for 

applications like wavelength conversion, format conversion, and regeneration [247-

249].  

Optical systems have always been compared to the electronics as both the 

systems have its pros and cons. Optics is known for performing functions very fast, 
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and electronics is known to be best for performing complex computations with full 

accuracy including buffers and memory. In other words, optics provide high speed to 

the signal and the electronics provide accuracy. In addition to that, as optical signals 

are spectrally efficient, one can process many bits of information optically at a time. 

On the other hand, through electronics, memory can be easily accessible, and it is 

capable of mass integration for signal processing with high accuracy [250]. Another 

parameters, through which optics and electronics can be compared, have the ability to 

process a signal at the line rate of optics, quality of the signal (e.g., degradation of 

signal-to-noise ratio) and power consumption. For power consumption analysis, 

optical pump powers, nonlinear efficiencies and electronic power consumption have 

to be undertaken. However, it has to be noted that optical signal processing provides 

high-speed transmission to the systems with limited functions and applications that 

need more processing or efforts [251]. 

 

 

 

 

 

 

 

Fig.5.22 Nonlinearities and optical wave parameters used for data encoding and signal 

processing 

Optical signal processing utilizes many physical phenomena and devices. 

Nonlinear optical phenomena comprise a large part of optical signal processing. 
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Various useful new effects are originated due to optical nonlinearities in fiber. FWM, 

SPM, XPM are originated due to third order susceptibility χ
3
 (see fig. 5.22).  Second 

order susceptibility χ
2
 originated nonlinearities can mix the waves in different forms 

such as sum frequency generation (SFG), difference frequency generation (DFG) and 

second harmonic generation (SHG) and cascading of such mixing [252]. Next, various 

photonic materials and devices can be utilized to process the optical signal. HNLF 

[253], silicon waveguides [208,254], PCs [255] are some of the material and devices. 

Third, photonics utilize amplitude, phase, frequency, and polarization of an optical 

wave for data encoding and signal processing. Fourth are the operations that can be 

performed by using these phenomena and devices such as regeneration, equalization, 

multicasting, correlation, FIR filtering, optical FFT and DFT, multiplexing and 

demultiplexing, optical logic gates, wavelength conversion, tunable delays, etc. 

With the use of nonlinear processes, the large potential of green photonics can 

be ensured as these processes use less number of high power pump lasers [10]. The 

total energy consumption in the optical network is estimated by the utilization of a 

number of high-power optical lasers that is required to perform the signal processing. 

The first high power device is the coupler; it is a device that transfers desirable or 

undesirable energy from one medium to another medium, for example from one 

optical fiber to another, from one electronic circuit to another [256]. Another device is 

filter; it is a circuit capable of selectively filtering a frequency or range of frequencies 

from a mix of different frequencies in a device. On the other side, amplifier is a device 

that is used to increase the current, voltage or power and are mainly used in audio 

equipment‘s, broadcasting and wireless communication [35]. Use of couplers, filters 

and high-power amplifiers significantly increase the consumption of power. In this 

case, the ‗green photonics‘ can be dominant by utilization of nonlinear processes that 

require a minimum number of high power lasers. In this way, the high power devices 

can be eliminated from the power source setups. For example, there is a need for N 

probe lasers for N-fold multicasting, but with highly nonlinear medium and low-

dispersion, the parametric gain can be obtained with higher pump powers. This makes 

the pump quantity N/2 for the N fold multicasting. The nonlinear processes suitable 

for such process are degenerate FWM and XPM. Additionally, for WDM-to-TDM 

conversion, XPM process is observed to be beneficial for energy compensation as it 

has the advantage of high efficiency regarding optical bandwidth and needs less 
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number of pumps. Overall, it is analyzed that wave mixing, or Kerr-effect-based 

multicasting approaches require less number of laser pumps and have proved to be 

beneficial for power consumption [222]. 

Moreover, The HNLF has to have very high nonlinearity ( ) and low 

attenuation to attain long effective interaction length. The reason behind increasing 

nonlinearity is to obtain the applications like SCG, multicasting [257], wavelength 

conversion, food quality control, in military field [258], de-multiplexing, multiplexing 

[10], in cancer detection and tunable optical delays [252]. These fields may require the 

generation of additional frequency elements while propagation, in other words, it can 

be said as spectrum broadening of the pulse. Additionally, HNLFs can be classified as 

by tapered fiber, micro-structured fiber and PCF. With the variation of materials and 

structural parameters, nonlinearity can be controlled [259]. There are some of the 

operations that contribute to optical signal processing. These operations are such as 

wavelength multicasting, multiplexing, and de-multiplexing and tunable optical 

delays. 

Wavelength Multicasting: It is a process that takes use of nonlinearities to make 

multiple copies of the input signal at different wavelength [260]. For this operation, 

different nonlinear processes can be adopted such as degenerate FWM, non-

degenerate FWM, SCG, etc. These processes can help in generating new signals with 

the help of HNLF [261]. 

Multiplexing and de-multiplexing: The multiplexing process combines multiple 

signals of different amplitudes, wavelengths, and phase and time slots into one 

channel [262]. On the other hand, de-multiplexing disjoint data signals from one 

channel into its original form. The utilization of nonlinear processes such as XPM, 

FWM in HNLFs can be done to enable this process. For example, through XPM 

process in HNLF, 16 input data channels at 40 Gb/s can be multiplexed to a 640 Gb/s 

channel and then for de-multiplexing 640 Gb/s channel can be de-multiplexed to 10 

Gb/s channels through the same process [263].  

Tunable Optical Delays: This is a process, which helps in delaying the optical signal. 

Tapped-delay line or a finite impulse response filter to process digital applications like 

discrete Fourier transform, modulation format conversion, etc. and other applications 

like D/A and A/D conversions, microwave delays, etc. utilizes this concept [34]. This 
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process is beneficial in providing efficient data traffic for future networks and better 

filter designs. Also, digital applications include modulation format conversion, 

equalization, correlation and discrete Fourier transform [264]. Analog applications 

include microwave photonic applications, D/A and A/D conversions and FIR filtering 

[265]. This concept works as by sending an input signal at particular wavelength into 

the HNLF to create a wavelength shifted signal and then this signal is sent to the DCF, 

through which broadening of signal occurs due to inter-channeling. Due to this, the 

signal will cause a delay, and it can be as low as 100 fs and as high as 3.6 μs [266].  

Chronically, with the ballooning technological advances, integrated photonics 

has grabbed a huge attention with its advanced features. It has a cost effective 

production and easier packaging. Also as it consists of a smaller chip size, it enables 

faster electro-optic interaction and provides photonic devices that consume less energy 

[267]. Moreover, integrated photonics provide a better optical signal processing by 

cascading multiple components on a single chip and so, in turn, it acquires less power 

density. Integrated photonics also require nonlinearity for signal processing as 

characteristics like optical power; nonlinear coefficient and nonlinear interaction 

length are prior things for integrated photonics. In addition to that, due to the short 

length of integrated devices, nonlinear coefficient has to very high so as to keep the 

energy consumption very low. The nonlinear coefficient can be kept high as it relies 

on a nonlinear refractive index of materials and effective mode area [243].  

Furthermore, with the growing years, researchers have been in the process to 

develop new advanced nonlinear material and fiber structures that provide strong light 

confinement [219]. The materials like silicon, Si nanocrystals (Si-nc or Si-rich oxide) 

are mainly used for highly nonlinear integrated optical fiber structure [218], [268-

270]. The nonlinear refractive index for Silicon and Si-nc is of the order of 10
-18

 and 

10
-16

 m
2
 /W, respectively. The electric field discontinuity at material interfaces and 

low index highly nonlinear materials have been utilized for providing strong 

confinement by slotted PCF structure. This provides the opportunity of reducing the 

effective area more to 0.01 μm
2
. Additionally, slotted PCF have a capability of 

achieving low dispersion over a wide wavelength band, strong confinement and 

desirable ZDWs due to the presence of high index contrast and high controlling of 

chromatic dispersion. Hence, it can be ensured that fiber structure will contribute to 

the high of its ability to the green photonics as it has proved its potential in the present 
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market of optical field on the basis of its better confinement and high nonlinear 

characteristics. More researches have been in underway to improve its cost 

effectiveness and efficiency in order to make it more penchants towards green 

photonics.  

 

5.8 Conclusion 

The study is concluded that by introducing a low index elliptical or rectangle slot in 

the core region, ultra high nonlinearity, high birefringence with large negative 

dispersion can be attained. It is found that by optimizing the fiber parameters, 

maximum value of nonlinear coefficient of the fundamental quasi-TE mode, 

birefringence, and dispersion at the wavelength of 1.55 μm can be 2951 W
-1

m
-1

, 

0.2922 and 2746 ps/(nm.km) is obtained in second design (elliptical slot). Third PCF 

(rectangle slot) design is providing 1614 W
-1

m
-1

 nonlinearity and 0.2589 birefringence 

whereas first design (elliptical slot) is providing 1348 W
-1

m
-1 

nonlinearity and 0.2503 

birefringence. Also the fabrication of rectangle slot is easier as compared to elliptical 

slot. Proposed designs have the potential to realize optical signal processing at short 

length. Also designs can be utilized as PMF, fiber sensor, parametric amplification, 

DCF etc.  

 

5.9 Summary 

In summary, it is observed that low index material PCF structures are providing better 

results as compared to high index PCF structures. Silicon and silicon nanocrystals are 

seen to be the better choice as compared to other materials. Here, three designs of 

slotted spiral PCF have been presented and its optical characteristics are investigated 

over a wide wavelength range. FEM is used to analyze the performance of the designs. 

By optimizing the fiber parameters, high nonlinearity, large birefringence and 

negative dispersion is simultaneously obtained. Although all the designs are providing 

birefringence of the order of 10
-1

 but second design provides large birefringence as 

compared to first and third design. In addition to this, large nonlinearity and negative 

dispersion is provided by all three designs.  Finally, all optical signal processing that is 

related to the proposed research work is explained. 
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Chapter 6: Conclusion and Future Scope 

 

6.1 Conclusion 

In this thesis, theoretical and numerical analysis of optical properties of PCFs are 

investigated. The increased interest of PCFs has been observed in the optical fiber 

communications because of its unique properties. As flexible engineering of fiber 

design is allowed in the PCF, which is an advancement as compared to the traditional 

SMF. This flexibility in design provides better control over different optical properties 

such as birefringence, dispersion, and nonlinearity which generates numerous 

applications.  

 Recently, index guiding PCFs have emerged as a promising candidate for 

realization of different applications in the optical domain. It is comprehensively 

studied because of their effective optical characteristics in different areas of optical 

systems that are seems to be inconceivable in conventional SMFs. Our research work 

is divided into two major sections. Firstly, in this thesis, high index guiding PCF 

structures, which works on the principle of TIR phenomena, were optimized for 

different optical properties. Next, low index solid core PC structures, which works on 

the principle of electric field discontinuity, were optimized to further improve the 

optical properties. The FEM was utilized for solving Maxwell‘s equations because of 

its verified reliability and high precision for analyzing the optical properties of PCF. 

The applications of different PCF geometries are also described, such as HNLF, PMF, 

and DCF. 

 Initially, researchers designed the PCF structure in hexagonal shape and 

optimized the design parameters to obtain the desired optical properties for different 

applications. In order to further enhance the optical properties and to reduce the 

confinement loss, octagonal and decagonal structures are found to be beneficial. To 

further enhance the optical characteristics, researchers started using spiral fiber 

structure. This structure provides more freedom in tailoring the fiber parameters that 

results in better light confinement in the core, large negative or positive flattened 

dispersion with high birefringence. Because of these improved optical characteristics, 

it became possible to realize different applications at very low fiber length. Along 

with fiber structures, the material of the fiber also plays a crucial role in realizing the 
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properties of PCFs. The selection of materials should be such that it is not only 

compatible with existing fiber structures, but also has to be easily available and cost 

effective and having a high nonlinear refractive index. 

 Deformities in the core cladding interface induce random birefringence, in the 

standard fiber transmission systems, that leads to randomly polarized light. For 

overcoming such kind of problem, larger uniform birefringence has to be introduced 

in the fiber. The invention of HNPCF has gained a huge attention of the world because 

of its ultrahigh nonlinearity and compatibility with the standard SMFs. Its various 

applications have also been realized keeping in consideration of its ability to guide a 

strongly confined light through a fiber. The applications are slow/fast light, pulse 

compression, wavelength conversion, SCG and all optical amplification. It is 

important to have long distance communication without any distortion but as it is 

known that dispersion limits the transmission distance and speed and so it is necessary 

to compensate it for long haul transmission. For this purpose, we need to have a 

negative dispersion for compensating the broadening of the pulse. In optical 

transmission the loss depends on the wavelength. So, there is a specific band of 

wavelength where the signal attenuation is minimum which is known as optical or 

operating window. The wavelength of operation from the optical window is selected 

as they offer minimum attenuation. 

The attenuation decreases at 1.55 μm i.e 0.2 db\km which is very very low attenuation 

and repeater spacing and amplifier spacing will be increased and which reduces the 

cost of the long haul network(like under sea network) and more over all the 

components like fiber ,amplifier are designed to work at this wavelength. 

 In the initial phase of our research work, an elliptical spiral high index guiding 

PCF structure was designed to obtain high birefringence, large nonlinearity with flat 

negative dispersion. A number of simulations were carried out to attain the optimized 

outcomes. For achieving the optimized fiber parameters, the air hole diameter and 

pitch were precisely tailored. The simulation results of the design are found to be quite 

satisfactory, which further motivated and directed our research work. In the first 

elliptical spiral PCF design, soft glass SF57 was used as a background material and in 

this structure first inner ring is having elliptical air holes. To obtain better light 

confinement in core, diameter of air holes was monotonically increased. By bringing 

variation in the ellipticity ratio, the optimum results are obtained, such as, average 
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dispersion of -93.80 ps/nm/km with a deviation of ±1.5 ps/nm/km and nonlinearity 

coefficient of 763.485 W
-1

km
-1

. Also, Birefringence of the order of 10
-2

 is achieved in 

the proposed design. The achieved negative flattened dispersion over a broad 

wavelength range in this PCF can be utilized in RDCF. This designed PCF is a 

potential candidate that can also be utilized in PMF, parametric amplification, SCG, 

fiber sensor design, fiber loop mirror, etc. Alternatively, By keeping the geometrical 

design parameters of elliptical spiral PCF, silicon is set in as a background material 

instead of SF57. In this case, nonlinearity is  drastically enhanced and has the value of 

14027 W
-1

km
-1 

at 1.55 μm wavelength, and flat positive dispersion is achieved. But, 

less birefringence of the order of 10
-3

 is achieved than the previous result. 

 For obtaining high nonlinearity, large birefringence and large negative 

dispersion in the fiber, a low index solid core PCF is introduced. Low index guiding 

PCF structures are gaining much attention from past few years, as these structures can 

provide better light confinement with high birefringence. The first design of low index 

PCF has a spiral lattice structure with slot region embedded in the center of the core. 

Slot region is in an elliptical shape that consists of a low index material such as silicon 

nanocrystal. It is demonstrated through numerical results that by optimizing the fiber 

parameters, nonlinearity coefficient of the fundamental modes, birefringence, and 

dispersion at the wavelength of 1.55 μm can be 1348 W
-1

m
-1

 , 0.2503 and -1228 

ps/nm/km respectively. Further enhancement of optical characteristics can be brought 

in by varying the design parameters. Due to enhanced optical properties, the designed 

fiber can be an outstanding candidate for all optical nonlinear signal processing with 

maintaining single polarization, and in nonlinear optics applications. Numerical 

results of the second design show that nonlinear coefficient of the fundamental mode 

and birefringence at the wavelength of 1.55 μm can be as high as 2951 W
-1

m
-1

 and 

0.292219, respectively. This high birefringence can be used to reduce the PMD effect 

and many other applications such as sensing applications. Due to the improvement of 

the optical characteristics, the proposed PCF can realize the benefits of various 

applications at very low length. The size reduction of the fiber will also make it 

compatible with the PICs. In last design of low index guiding PCF, a rectangular slot 

is embedded in the center of the core instead of an elliptical slot in spiral PCF design. 

The area of rectangle slot region in this design is kept same as elliptical slot region of 

the first design. by optimizing the fiber geometrical parameters, nonlinear coefficient 
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of the fundamental quasi-TE mode and birefringence at the wavelength of 1.55 μm as 

high as 1614 W
-1

m
-1

 and 0.2589 is achieved, respectively. Beat length of proposed 

design at 1.55 μm is 5.99 μm whereas the conventional fiber has beat length in meters. 

This small value of beat length makes the fiber useful as a polarization maintaining 

fiber. Thus, from the obtained results, it can be concluded that low index guiding PCF 

structures can provide tight light confinement as compared to high index guiding PCF 

structures. Due to tremendous results, proposed designs can realize different 

applications at very short length. 

 

6.2 Future Scope 

Through utilization of the metamaterial in slotted structure, optical intensity can be 

more than 25 times stronger than a traditional silicon slotted structure. A higher 

refractive index material is desirable to further improve the optical field intensity 

inside the low index slot region. The metamaterials have the capability to provide high 

refractive index at an optical wavelength that is not viable to achieve with ordinary 

materials. 

 High propagation loss is induced in the slot structures when the light is 

strongly confined in the slot. The major reason behind the induction of propagation 

loss is the imperfections in the structure, such as the introduction of surface roughness 

during the fabrication process. These randomly generated imperfections produce the 

scattering loss that makes it difficult for light to travel over long haul distance. To 

overcome the propagation loss due to imperfections in the structure, dry or wet 

etching techniques using chemicals can be utilized to smoothen the surfaces. 
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Appendix A  

Numerical Method For Design Analysis 

 

To develop the potential of PCFs, accurate modelling is necessary. A range of 

methods has been developed, such as plane wave expansion (PWE) method, effective 

index method, multipole method, FEM, finite difference time domain method (FDTD) 

etc.  

Finite Element Method 

Initially, the FEM started for structural analysis. Until 1968, this method was not 

applicable for EM problems [1]. This method is used to solve differential equations. 

The finite difference method cannot be applied to structure having irregularly shaped 

boundaries. In order to solve such problems, the FEM was developed [2-4].  

The FEM of a problem requires four steps to be solved: (1)dividing the solution region 

into finite number of sub regions or elements, (2) finding control equations for a 

particular element, (3) collecting all elements in the solution region, and (4) solving 

the obtained system of equations.  

1) Discretization 

The complete solution region is divided into numbers of finite elements. We try to 

approximate potential Ve within an element e and relate the potential in various 

elements in a way that the potential remains continuous across inter-element 

boundaries. So approximately, the voltage is given as 

                                                                 (   )  ∑  (   )

 

   

                                             ( ) 

Where N is the number of triangular elements into which the region is divided.  

The polynomial approximation was applied to approximate Ve, like  

                                                 (   )                                                                     ( ) 

For triangular element and 

                                        (   )                                                                     ( ) 
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For quadrilateral element. Generally. Potential Ve is nonzero within element e and 

zero outside e. Quadrilateral elements has some difficulty in approximating the 

boundary of the solution region since these elements can only be used where 

boundaries are acceptably uniform. Hence, triangular elements are preferred.  

2) Element governing equations 

For a triangular element, the potential Ve1, Ve2, and Ve3 at nodes 1, 2, and 3, 

respectively, can be given by, 

                             [
   
   
   

]  [

     
     
     

] *
 
 
 
+                                                                           ( ) 

The coefficient a, b, and c are evaluated from eqn. (4) as 

                                     *
 
 
 
+  [

     
     
     

]

  

[
   
   
   

]                                                              ( ) 

Substituting in eqn. (2), we obtain  
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[

(         ) (         ) (         )

(     ) (     ) (     )

(     ) (     ) (     )
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]         ( ) 

                                       ∑  (   )   
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Where 

                         
 

  
[(         )  (     )  (     ) ]                           (  ) 
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[(         )  (     )  (     ) ]                              (  ) 

And A is the area of element e given by, 
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   |

     
     
     

| 

 (         )  (         )  (         ) 

Or 

                         
 ⁄ [(     )(     )  (     )(     )]                                ( ) 

To keep the value of A positive, the nodes are numbered anticlockwise. From eqn. (7), 

potential at any point within the element can be obtained if potentials of vertices are 

known. Also αi are linear interpolation functions. They are called the elemental shape 

functions and are characterized as: 

                                               (     )  {
                    
                  

                                                  (  ) 

                                       

∑   (   )
 
                                                                                                                         (  ) 

The energy per unit length related to the element e is given by 

                                   
 

 
∫ | |    

 

 
∫ |   |

                                                   (  ) 

From eqn. (7), 

                                                 ∑      

 

   

                                                                       (  ) 

Substituting eqn. (11) in eqn. (10), we get 

                              
 

 
∑∑    [∫         ]    

 

   

 

   

                                              (  ) 

If the bracket terms are defined as 

                                                  
( )

 ∫                                                                       (  ) 

We can write eqn. (12) in matrix form as 
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 [  ]

 [ ( )][  ]                                                              (  ) 

Where superscript T denotes the transpose of a matrix, 

                                               [  ]  [
   
   
   

]                                                                       (   ) 

And 
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( )

   
( )

   
( )
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( )

   
( )

   
( )

]                                                          (   ) 

The matrix [ ( )] is generally called as element coefficient matrix. The matrix 

element    
( )

 defines the coupling between nodes i and j. its value is obtained from 

eqn. (7) and (13). For example,  

   
( )  ∫          
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Similarly: 
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Also 

          
( )     

( )                      
( )     

( )                        
( )     

( )                                   (   ) 

For making calculations easy, we define 

   (     )                         (     )                       (     ) 

   (     )                        (     )                       (     )                  (   ) 

Using these equations, each term of elemental coefficient matrix is given as 

                           
( )

 
 

 
[         ]                                                                                (   ) 

Where 

                                
 

 
(         )                                                                            (   ) 

Note that P1 + P2 + P3 = 0 = Q1 +Q2 + Q3 and hence∑    
( ) 

      ∑    
( ) 

   . This 

can be used to verify our calculations.  

3) Assembling of all elements 

After observing a particular element, now all the elements are assembled into the 

solution region. The energy related with the collection of all elements in the region 

can be given by 

                        ∑   
 

 
 [ ] [ ][ ]                                                                       (  ) 

 

   

 

Where 

                        [ ]  [

  
  
 
  

]                                                                                                       (  ) 

N is the number of nodes, N is the number of elements and [C] is the global coefficient 

matrix which is obtained by collection of individual elements. The major concern is to 

obtain [C] from [C
(e)

]. 
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The process of assembling of particular element coefficient matrices into the global 

coefficient matrix can be explained with the help of an example. We consider a mesh 

having three finite elements. There is two types of numbering, global numbering and 

local numbering. So there are 5 global nodes in the diagram. So a general form of the 

global coefficient matrix can be written as 

 [ ]  

[
 
 
 
 
               
               
               
               
               ]

 
 
 
 

                                                                     (  ) 

Since there are 5 nodes, matrix is having an order of    . It is already known that Cij 

denotes the coupling between i and j nodes. We can calculate Cij by using the fact that 

potential must be continuous across the boundaries. For example, if we want to find 

C11, it is clear that global node 1 is common for both elements 1 and 2 and it is marked 

as local node 1 in both. So we can write, 

        
( )

    
( )

                                                                                                   (   ) 

Similarly, by observing from figure, we can write 

        
( )

                                                                                                                (   ) 

 

        
( )

    
( )

    
( )

                                                                                      (   ) 

 

        
( )

    
( )

                                                                                                   (   ) 

As there is no direct link between nodes 2 and 3, 

                                                                                                                   (   ) 

By following this trend, we can obtain all the terms of global coefficient matrix as 
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         (  ) 

This matrix has following properties: 

1. It is symmetric i.e. Cij = Cji.  

2. If there is no coupling between two nodes then Cij = 0, so it is concluded that 

for large number of elements matrix becomes compact. 

3. It is singular. It might not be clear but it can be proved using eqn. (15b). 

 

4) Solving the obtained equations 

It is clear that Laplace's (or Poisson's) equation is true only when the net energy in the 

solution region is minimum. Hence it is concluded that the partial derivative of W 

with respect to each nodal potential should be zero; that is, 

  
  

   
 

  

   
   

  

   
   

Or 

 
  

   
                                                                                                          (  ) 

For example, to achieve      
⁄    for a mesh having finite element, we substitute 

eqn. (20) in eqn. (18) and calculate the partial derivative of W with respect to V1, we 

obtain 

        
  

   
                                                 

        

Or 

                                                                                                (  ) 
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Generally, for     
⁄   , we can write, 

 ∑      
 
                                                                                                                (  ) 

Where n is the number of nodes in the mesh. If eqn. (25) is written for all nodes 

          a system of equations is obtained by which the solution of        [ ]  

[       ] can be found. There are two methods to solve this. 

Iteration method 

The potential at node 1 can be obtained from eqn. (24) as 

     
 

   
∑      
 
                                                                                                  (  ) 

Generally, the potential at any node k can be obtained from eqn. (25) as 

     
 

   
∑      
 
                                                                                               (  ) 

This is used iteratively for all n nodes present in the mesh. If a direct link is not 

present between node I and node k then Cki = 0 hence nodes that are directly 

connected to node k effects the Vk in eqn. (27).  

Thus We potentials of nodes connected to node k are obtained, we can determine Vk 

using eqn. (27). We start the iteration process by assigning the potential at free nodes 

to be zero or average potential.  

       
 ⁄ (         )                                                                                      (  ) 

Where Vmin and Vmax are minimum and maximum values of node under investigation. 

If these initial values are known, by using eqn. (27) we can calculate potential at node 

k. By using these initial values the new values are calculated after the first iteration 

and these values become initial values for the second iteration. This process is 

repeated until the difference between consecutive iterations is negligible.  

Band matrix method 

If all free nodes are numbered first and the fixed nodes last, eqn. (18) can be written as 
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 [    ] [

      
      

] [
  
  
]                                                                    (  ) 

Where subscripts f and p denote the nodes with free and prescribed potentials, 

respectively. As Vp has known and fixed values, we take differentiation with respect 

to only Vf so using eqn. (23) in eqn. (29), we get 

                  

Or 

    [   ][  ]   [   ][  ]                                                   (  ) 

Simplifying this equation, it can be written as 

    [ ][ ]  [ ]                                                                   (   ) 

Or 

    [ ]  [ ]  [ ]                                                              (   ) 

Where [V] = [Vf], [A] = [Cff], and [B] = - [Cfp] [Vp]. The potential at free nodes can 

be found by using eqn. (30). From eqn. (31a), [V] can be solved by using Gaussian 

elimination technique. But if the matrix inversion can be performed easily then we can 

use eqn. (31b) to get [V].  

A main disadvantage associated with this method is that a relatively large amount of 

computer memory is required to save the matrix elements. However, numerous 

algorithms are prepared to reduce this problem to some extent.  

The FEM has many benefits as compared to the finite difference method (FDM). First, 

the FEM can easily be applied for complex regions. Second, there is a generalized 

approach used in FEM, so it possible to develop a general-purpose program which can 

be used to solve many problems. Problems having different solution regions and 

different boundary conditions but are governed by same partial differential equations, 

can be solved using a single program by changing only the input data. However, the 

FEM is also having its own limits such that it is difficult to understand and program as 
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compared to FDM. The input data is also required to be prepared which can be 

monotonous.  Here FEM is compared with other numerical methods [5-7]. 

FEM (Finite element 

method)  

FDTD (Finite 

difference time 

domain) 

BPM (Beam 

Propagation 

method) 

PWE (Plane wave 

expansion 

method) 

Application of 

nonlinearity effect 

four wave mixing 

like Wavelength 

conversion can be 

performed 

Easily incorporates 

nonlinear behavior 

Good for forward 

only and nonlinear 

optical devices.  

 

Inefficient 

incorporation of 

nonlinearity  

Scaling will 

improve in domain 

decomposition  

 

FDTD simulations 

can be treated as 

generic simulations 

that can be scaled 

Scaling supported Scales poorly 

Unstructured 

grid is highly 

efficient. It is 

good to 

represent curved 

structures 

It has a structured grid 

which is less efficient 

so it difficult to 

resolve curved 

surface.  

 

It is inaccurate for 

the modeling of 

structure in which 

light propagate in 

large range of 

angles  

 

 

------------------ 

Efficient and 

easy solution to 

complex 

geometry  

 

 Improved handling of 

 geometry details 

in finite difference 

time domain method 

Erroneous in case 

of 2D and 3D 

geometry   

It is faster for 3D 

Efficient error 

control  

 

Error estimation 

methods are to be 

defined  

 

Reduced error 

calculated by mode 

mismatch loss 

calculation 

1D is erroneous 

while others 

display better 

results 

Effective dispersion 

analysis 

It‘s not good to 

incorporate 

dispersion.  

 

Simple to 

implement 

and easily 

incorporate 

dispersion.  

 

Cannot model 

scattering and 

incorporate 

dispersion 

Automatic adaptive 

mesh refinement.  

No meshing No meshing No meshing  

Incorporates 

accurate results 

Solve 

Maxwell's 

equations (less 

approximation) 

Use paraxial 

approximation 

Precise optical 

model is required 

for accurate 

results. 
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