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ABSTRACT 

 
The need of large bandwidth and circuit miniaturization leads to the growth of periodic dielectric structures that 

exhibit band gaps in the frequency spectrum. Such structures are commonly known as photonic crystals or 

photonic bandgap materials. Sample calculations for phonon dispersion curves are presented with the use of 

simplified models of crystals to demonstrate universal principles of vibrational behaviour to understand the 

properties of crystals. In this paper principle of PCF (Photonic Crystal Fiber), its types and applications, benefits 

over conventional optical fibers, and future scopes are discussed.  
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I INTRODUCTION 
 

1.1 Background of Photonics 

Photonics is the study of the creation, control, and detection of photons. It is closely related to quantum optics 

and optoelectronics. Quantum optics refers to the major research, while photonics focus on the application of the 

technology. Opto-electronics is the emerging field of light-driven (photon flow) electronics as opposed to the 

conventional electrically driven (electron flow) electronics. The basis of photonics is the photon .The photon is a 

quanta or ―packet‖ of electromagnetic energy that exhibits particle-like and wave-like characteristics. A photon 

is represented by γ or as the product hν, h being Planck’s constant and ν, the frequency of the electromagnetic 

wave. The optical fiber allowed for the controlling of photon flows. The wave-particle duality of light is a 

crucial concept in the field of photonics. [1] 

 

1.2 Photonic crystals 

Photonic crystals are periodic material structures that influence the motion of photons propagating through 

them. They affect photons in the same way a semiconductor crystal affects the motion of electrons. The crystals 

consist of periodic dielectric structures that affect electromagnetic wave propagation. The photonic crystals 

affect propagation by allowing electromagnetic waves of certain wavelengths to pass while blocking others. A 

range of blocked wavelengths is called a photonic band gap. There are some naturally occurring photonic 

crystals such as the gemstone opal and the substance that comprises butterfly wings [2]. 

The periodic structure and the dielectric nature of the crystal determine its ability to produce a band gap. Lord 

Rayleigh was the first scientist to study the propagation of electromagnetic waves in periodic structured medium 
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in 1887.He studied the reflective properties of a crystalline mineral that corresponded to a one dimensional (1-

D) photonic crystal. He observed a small band gap through which light could not propagate through the planes 

of the crystal [2, 3] 
 

1.3 Dispersion curve  

The code driving the programs was written with Kittel’s text [4] as a primary reference. The text explained the 

calculation of dispersion curves for 1-D crystal lattices with a monatomic structure as well as with a basis. After 

a code was written to display the dispersion curves for a 1-D crystal. The ability to graph the frequency at which 

electromagnetic energy quanta can pass through different crystal lattices is an invaluable tool. The graphs show 

the band gaps and they would be extremely useful for the manufacture and control of materials for photonics 

applications. The following sections show the derivations of equations showing the frequency of vibration based 

on a wave vector k. These modes of vibration are known as phonons and they occur in structures with rigid 

crystal lattices .These phonon mode graphs are known as dispersion curves. The physical, such as thermal and 

conductive, properties of materials depend on these phonons. [4] 

 

1.3.1 Normal Modes of a One-Dimensional Monatomic Bravais Lattice  

 

Take a line of ions all of the same mass M gaped at an interval distance of a, as shown in figure 1.1. This gives 

the 1-D Bravais lattice vectors as R = na, where n is a counting integral. Assuming the line in the horizontal 

direction, the displacement of a given ion from its equilibrium position is u(na). The most basic way to view the 

chain of ions is as a spring-mass chain. This permits for the spring potential energy equation to represent the 

fundamental interaction between the ions. [4] 

 

 
Fig 1.1 Representation of 1-D chain [4] 

 

  U= k . 

The potential energy U is equated to a function of the spring constant k and the ion displacement. 

 k = K; 

x= [u (na) - u ([n +1] a)] 

The spring constant k is replaced with K=φ”(a), where φ(x) represents the interaction energy of two ions at 

distance x apart along the line (spring constant). This interaction energy is found with the Lennard-Jones 

potential. We find the displacement x by taking the displacement of the ion from equilibrium and subtracting the 

displacement of the next ion from its equilibrium. These substitutions give the harmonic potential energy 

equation as the summation over all ions in the chain. [4] 
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  = k[u(na)-u([n+1]a)     ................................……………………..(1.1) 

M(na)=- = -k[2u(na)-u([n-1]a)-u([n+1]a)] ……………………..…..(1.2) 

The equations of motion of the ions show the theoretical interaction of two neighbouring ions connected by a 

perfect spring .To find the motion equation; take the derivative of the harmonic potential energy with respect to 

the ion’s displacement. If the chain is assumed as a finite system with N ions, than the boundary conditions can 

be implemented to get back solutions from the motion equation. In order to apply boundary conditions, the finite 

chain must be seen as a loop so the N+1 ion is the first ion of the chain [4].  

These boundary conditions are stated mathematically as 

u ([N+1]a) = u(a);        

 u(0)=u(Na)……………………………...(1.3) 

Solutions to the equation of motion in equation 1.2 take form 

u (na,t) =  …………………..….(1.4) 

 =1; k= ……………………..…. (1.5) 

Only N values of k consistent with equation 1.5 yield distinct solutions, taken between -π/a and π/a in order to 

view the dispersion curve about the zero wave vector.This range covers 2π/a; any of the distinct solutions 

shifted by 2π/a will return the same result, meaning that this range produces the entire distinct dispersion curve. 

[4]  

Substituting the solutions of the form in equation 1.4 into the equation 1.2 of motion gives the following: 

 

 -M =-K [2- - ]    ...........................................(1.6)   

Euler’s formulas (subtraction) can be used to simplify equation 1.6 to a more manageable and graphing friendly 

result. The Euler subtraction is shown below: 

  =  +i  

 

 
 

∴  
 -K [2-

 
- ] = -2K [1-1 ] 

Using the simplification in equation 1.6, 

 

-M = 2K [1-1 ] , 

        
 

 -M =2K [1-1 ], …………………………………………………… (1.7)
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  k) =   . 

The final equation of the dispersion curve frequency as a function of the wave vector k is shown by equation 

1.8; it is found with the half angle to further simplify result in equation1.7: 

 

= = 2 = 1- , 

 

 k) = =   , ……………………………….…. (1.8) 

        

 k) =    

 

Solutions describing the actual displacement of the ions are given by the real or imaginary parts of equation 1.4, 

i.e,  

 

u (na,t)     

 

1.3.2    1-D Matlab Results 

The dispersion relations are symmetric about the zero wave vectors. As mentioned in the derivation for the code 

in the previous section, the wave vectors from -π/a to π/a generate the entire curve for the dispersion relation. 

The curve would simply be repeated if a larger range of k were graphed. At small values of the wave vector, the 

relation is linear; the wave vector is short enough to be comparable to the particle spacing; thus, the linearity 

ceases and the dispersion curve flattens as the group velocity tends to zero [4].The group velocity is the velocity 

at which the change in the shape of the wave's amplitude propagates through a medium. This corresponds to the 

slope of the dispersion curve [4]. 

 
 

Figure 1.2 Dispersion Curve for a Monatomic 1-D Chain 

II PHOTONIC CRYSTAL FIBERS 

In the past three decades, a great deal of efforts has been made to the development of new types of optical fibers 

to improve their performance and to reduce the cost of fibers. Photonic crystal fiber is one of the most recent 
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advances in fiber-optic technology that has attracted considerable interest from many researchers around the 

world. In 1991, J. Russell and his group invented microstructure optical fibers. The fibers were made from silica 

with a periodic arrangement (in the cross-section) of air-channels running along the full length of the fiber.  

Photonic crystal fibers (PCFs) can modify the way light is produced, transported and utilized. Supercontinuum 

generation, four-wave mixing and hollow-core PCF technology may make possible step forwards in science—

particularly in medicine and microscopy. [5, 6] 

Photonic crystal fiber (PCF) study began with revolutionary experiments that showed light guided by PCFs, first 

by total internal reflection and then by photonic bandgaps. Now that the basics of the field have been well 

characterized, experts are spotlighting their investigation on expanding and improving PCF applications. PCF 

technology allows for fundamental changes in the way light is generated, delivered and used—but it is still a 

small-volume, handmade optical fiber.  

In order for applications of PCF to last, researchers need to find applications that are beyond the capabilities of 

even bespoke specialty fibers of conventional designs. By varying air hole diameter, number of holes and hole 

to hole spacing one can have flexibility to alter the fiber nonlinearity, chromatic dispersion, propagation mode 

properties and fiber birefringence, thus enables various revolutionary fiber optical applications such as PCF-

based high power fiber laser, supercontinuum generation, dispersion compensation, frequency metrology, 

optical coherence tomography and fiber optical sensors[5,6] 

The name photonic crystal fiber (PCF) is referred by other terms like holey fiber (HF), microstructured optical 

fibers (MOF), and microstructured  fibers (MF). 

 

2.1 Classification of PCFs: 
 

a) Index-guiding fibers: The core of a microstructured fiber is made of fused silica and the cladding is formed 

by air holes running along the entire length of the fiber. In this class of fibers, decrease in the refractive index by 

air holes around the core, decreases the effective refractive index of the cladding and as a result light is guided 

inside the core by total internal reflection. Figure 2.1shows one such example of a PCF known as endlessly 

single mode PCF. 

 

Figure 2.1 Guiding Mechanism in Index Guiding PCF 
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b) Bandgap-guiding fibers: In this type of fibers, light is guided by a two-dimensional photonic bandgap in a 

hollow core or in a core made of a material with the refractive index lower than the effective index of the 

cladding. Due to the bandgap effect, certain light frequencies are not allowed to escape from the core, but will 

be reflected leading to wavelength dependent upon the light transmission. 

 

 

 
Figure 2.2 Guiding Mechanism in Photonic Bandgap Fibers (PBF) 

 

The guiding mechanism in bandgap-guiding fibers is unlike index guiding fiber due to lower refractive index of 

the core, and, therefore, the fiber guides the light by consecutive interferences of reflections from several air-

silica interfaces inside the core and destructively in the cladding. The guiding mechanism is as shown in Figure 

2.2. The type of periodic air-silica cladding exhibited by the fiber results in a bandgap for photons in the radial 

direction, forcing the photons to propagate inside the core [7, 8]. 

 

2.2 Managing Losses in PCF  

 

As PCF has travelled from a purely research venture to more useful applications, decreasing fiber losses have 

become of great importance. Beyond the anticipated intrinsic attenuation of high-purity silica glass, such loss 

comes from two main causes: 1) the methods involved in PCF fabrication causes loss from extrinsic absorption 

of impurities introduced to the glass and from structural defects in the glass matrix; and 2) scattering from 

surface roughness at the air-hole boundaries is strong because of the high index difference. The scattering is 

particularly pronounced if the guided mode power is high at the boundaries—for example, in PCFs with core 

diameters less than 2 μm. Scattering is also the main source of loss in HC PCFs. The extrinsic absorption from 

impurities and structural defects is potentially amenable to reduction. Researchers have made significant 

progress on reducing fiber loss from these sources. PCFs with small cores are chiefly sensitive to attenuation 

due to surface roughness. Moreover, there is a rapid increase of fiber loss due to OH for smaller cores, even with 

preform annealing. [9] 
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2.3 Advantages of using PCF 
 

There are many advantages of PCF against a conventional optical fiber. The biggest one is possibility to control 

optical properties and confinement characteristics of material by varying air hole diameter, number of holes and 

hole to hole spacing.Some of the other benefits are:- 

a) Allow for guidance through hollow fibers (air holes), smaller attenuation than fiber with solid core. 

b) PCFs with larger cores may carry more power than conventional fibers. 

c) Larger contrast available for effective-index guidance. 

d) Attenuation effects not worse than for conventional fibers. 

e) Control over dispersion: size of air holes may be tuned to shift point of zero dispersion into visible range of 

the light. 

 

2.4 Disadvantages of using PCF 
 

Short manufacture length and high price are the main disadvantages of using PCF as transmission media for 

telecommunications as conventional fibers. Next problem is with coupling and possibility to connect them with 

other waveguides and devices. 

 

2.5 PCF Applications  

The potential applications of photonic crystals in emerging technologies are widespread. The volume of 

photonics study has already produced many new developments in the control of electromagnetic waves. One-

dimensional photonic crystals are currently used in thin-film optic applications. They are also being used to 

form reflective layers on mirrors and lenses and to produce color-changing inks and paints. Two-dimensional 

photonic crystal fibers are produced by several companies to transmit and control light in frequencies that 

conventional fiber optics fail to transmit [3]. Three-dimensional photonic crystals are much more difficult to 

fabricate and as a result, have not yet been mass produced or applied to commercial products. [3] 

Their extraordinary properties make photonic crystal fibers very suitable for a very wide range of applications. 

Some examples are: 

a) Fiber lasers and amplifiers, including high-power devices, mode-locked fiber lasers, etc. 

b) Various nonlinear devices e.g. for supercontinuum generation Raman conversion ,parametric amplification, 

or pulse compression 

c) Telecom components, e.g. for dispersion control, filtering or switching 

d) Fiber-optic sensors of various kinds 

e) Quantum optics, e.g. generation of correlated photon pairs, electromagnetically induced transparency, or 

guidance of cold atoms. 

http://www.rp-photonics.com/fiber_lasers.html
http://www.rp-photonics.com/fiber_amplifiers.html
http://www.rp-photonics.com/high_power_fiber_lasers_and_amplifiers.html
http://www.rp-photonics.com/mode_locked_fiber_lasers.html
http://www.rp-photonics.com/supercontinuum_generation.html
http://www.rp-photonics.com/raman_scattering.html
http://www.rp-photonics.com/parametric_amplification.html
http://www.rp-photonics.com/pulse_compression.html
http://www.rp-photonics.com/fiber_optic_sensors.html
http://www.rp-photonics.com/quantum_optics.html
http://www.rp-photonics.com/photons.html
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Even though PCFs have been around for several years, the huge range of possible applications is far from being 

fully explored. It is to be expected that this field will stay very lively for many years and many opportunities for 

further creative work, concerning both fiber designs and applications. 

III FUTURE SCOPES 

 

PCFs were rocketed to prominence by the technological and visual appeal of bright supercontinuum light. A 

growing worldwide collection of peer-reviewed literature indicates that there is broad interest in the application 

of PCFs in optical communication, science, technology and medicine. The PCF will make a rapid progress in 

these fields in the upcoming years by extensive and intensive research. Various projects are still in pipeline in 

these areas. In today’s world, new technologies are required to meet today’s challenges in these fields, and PCFs 

are geared up to bring out some novel solutions to these.  

 

IV CONCLUSIONS  

 

We concluded that as compared to the conventional optical fiber PCF is far better.With slight modification in 

the photonic crystal fiber cross section, air hole diameter, number of holes and hole to hole spacing one can have 

flexibility to amend the fiber nonlinearity, chromatic dispersion, propagation mode properties and fiber 

birefringence, thus enables various revolutionary fiber optical applications such as PCF-based high power fiber 

laser, supercontinuum generation, dispersion compensation, frequency metrology, optical coherence 

tomography and fiber optical sensors and many more. This tells the detailed introduction to the principle of 

photonics from an engineering perspective and also discusses possible concepts and applications for the future 
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