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ABSTRACT

Conventional optical fibers can only guide light in a high refractive index core by total
internal reflection. By using total internal reflections, it is not possible to guide light in an air
core. Light guidance in air is of great interest for various technological and scientific
applications and has only recently been possible with the advent of photonic band gap fibers.
Control of dispersion in PCFs is very important problem for realistic applications of optical
fiber communications, dispersion compensation and nonlinear optics. Usually the positive
dispersion of the optical fiber, which is a major factor to cause optical pulse broadening and
restrict transmission distance and bandwidth, can be compensated by using dispersion
compensating fiber (DCF) with large negative dispersion.

The present work aims at the designing and simulation of a structure with high electric field
distribution, low group velocity and low group velocity dispersion single mode photonic
crystal fibers. By varying various parameters such as radius of air holes (r), number of air
holes rings (N), dielectric constant of material (¢), and lattice constant (a) analysis has been
done for an optimum profile. In e=12, provides maximum electric field distribution and low
group velocity dispersion in the largest possible wavelength window, in which the dispersion
varies from -0.3420 to —1.1324 ps/nm/km, providing a group velocity 0.19c. For £=7.84,
flattened group velocity dispersion in a range of -0.2688 to -0.3536 ps/nm/km and group
velocity 0.22c have been achieved. Largest negative group velocity dispersion ranging from -
0.9875 to -0.5376 ps/nm/km has been achieved with £=2.1, for which group velocity touched
the value of 0.38c within the minimum wavelength window of 0.59 to 1.00um.
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CHAPTER 1

INTRODUCTION

1.1 Background

Photonic crystal fibers are also known as microstructure optical fibers having a
microstructure in the transverse plane [1]. These fibers can guide light by means of total
internal reflection, as in standard fibers, or by the photonic bandgap effect. There also exist
fibers with a periodicity in the propagation direction of the light. Such fibers are called fiber
gratings. The axial periodicity can induce coupling of light between co-propagating or

counter-propagating modes.

1.1.1 Initial Developments of PCFs

At about the same time as the standard, step index fiber was developed [2], it was recognized
that light could be guided in a silica core, surrounded by a microstructure air/silica cladding
[3]. However, work on this type of fiber was abandoned due to the success of the step index
fiber. In the mid-1970s, a new type of guiding mechanism was proposed and analyzed by
Yeh et al. [4-6]. They considered light guidance by Bragg scattering from a periodic
cladding. This allows for light to be guided in a hollow core. The new type of fiber, known as
a Bragg fiber, did however prove difficult to fabricate. The proposal that light can be
confined in all three spatial dimensions due to the photonic bandgap effect [7, 8], stimulated
much interest in photonic crystals [9]. The idea of using a photonic bandgap to trap light
inspired Knight et al. to stack silica capillaries together in a hexagonal lattice, and draw them
to a PCF with a solid core [10]. The first PCF did however not guide light by the photonic
bandgap effect. Instead, the air holes lowered the effective index of the periodic cladding,
making the fiber guide light by total internal reflection [11]. An example of such an index-
guiding PCF is shown in Figl.1.

By optimizing the PCF structure, true bandgap guidance was then established in a hollow
core PCF [12]. However, the guided light was mainly located in silica in this fiber. This was
overcome by Cregan et al. in 1999, who experimentally demonstrated bandgap guidance in
air [13].



Figure: 1.1 Cross-section view of an index-guiding photonic crystal fiber [73].

The first comprehensive theoretical analysis of air-guiding PCFs came shortly after [14]. It
can be noted that there are several examples of photonic microstructures in nature. One
example is the Morpho rhetenor butterflies, having highly reflective wings due to discrete
multilayers of varying refractive index [15].

1.1.2 Applications of PCF

Photonic crystal fibers have created a number of applications. A review of some properties
and applications of PCFs can be found in Refs. [16-18]. Since bandgap guiding PCFs can
guide light in an air core, the guided light is little affected by the absorption of 0.15dB/km in
silica. This suggests that air-guiding PCFs might find applications as transmission fibers.
However, other loss mechanisms must be taken into consideration [19]. The lowest loss
demonstrated to date is 13dB/km in a single-mode air-guiding PCF [19], and 1.7dB/km in a
weakly multimode air-guiding PCF [21]. The latter result is still about an order of magnitude
larger than the loss of standard fibers.

Low loss alone is not sufficient for a successful transmission fiber; the effects of dispersion
are also important for transmission at high bit rates. It has recently been shown theoretically
that the waveguide dispersion of air core Bragg fibers can be tailored by introducing defects
in the cladding [22]. Small-core index-guiding PCFs with high air fill fraction can have
unusual dispersion properties in addition to high effective nonlinearity. Ranka et al. observed
a broadening of the pulse spectrum when launching 100 fs pulses with 0.8nJ energy into a
75cm long PCF [23]. In fact, the wavelength spectrum of the pulse spanned over more than
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one octave after propagation through the fiber. This broadening, called super continuum
generation, is caused by the combination of dispersion and nonlinearity of the PCF.
Supercontinuum generation has found applications within frequency meteorology [24]. PCFs
equivalent to double-clad fibers are useful within the field of high power fiber lasers and
amplifiers [25, 26]. This is due to the possibility of having an outer cladding with high NA,
allowing for high pump collection efficiency, and a large, active, single-mode signal core,
reducing nonlinear effects. Interesting physics and applications are found when filling the air
holes with various materials. Low threshold stimulated Raman scattering has been
demonstrated in a Hydrogen-filled air-core PCF [27]. Various devices, such as a variable
optical attenuator has been demonstrated by filling the air holes of a solid core PCF with
polymers [28]. Another interesting possibility is to fill the air holes of an initially index-
guiding PCF with a high-index liquid. This will turn the fiber into a bandgap guiding PCF.
Tunable bandgap guidance has been demonstrated in such a fiber by varying the temperature
[29]. Filling the air holes with liquid crystals is particularly interesting, since they can be
highly sensitive to external perturbations [30]. Finally, it must be emphasized that advanced
fully-vectorial simulation programs are of prime importance in the design of PCFs, due to the

complexity of the PCF structures.

1.1.3 Dispersion in Optical Fiber Links

In optics, dispersion is the phenomenon in which the phase velocity of a wave rest on its
frequency, or otherwise when the group velocity depends on the frequency. Media having
such a property are termed dispersive media [32]. Dispersion is sometimes known as
chromatic dispersion to emphasize its wavelength-dependent nature or group-velocity
dispersion (GVD) to emphasize the character of the group velocity. The maximum familiar
example of dispersion is probably a rainbow, in which dispersion reasons the spatial
separation of a white light into components of not the same wavelengths (different colors).
However, dispersion also has an effect in a number of other circumstances: for example0,
[33] GVD causes pulses to spread in optical fibers, degrading signals over large distances;
also, a cancellation between group-velocity dispersion and nonlinear effects leads to soliton
waves. Dispersion is finest often defined for light waves, but it may occur for some kind of

wave that interacts with a medium or passes through an inhomogeneous geometry (e.g a



waveguide), such as sound waves. There are mostly two sources of dispersion: material
dispersion and waveguide dispersion [34]. Material dispersion derives from a frequency-
dependent answer of a material to waves. For example, material dispersion leads to undesired
chromatic aberration in a lens or the parting of colors in a prism. Waveguide dispersion
follows when the speed of a wave in a waveguide (such as an optical fiber) depends on its
frequency for geometric reasons, independent of any frequency dependency of the materials
from which it is constructed. More generally, "waveguide" dispersion can occur for waves
propagating through any inhomogeneous structure (e.g., a photonic crystal), whether or not
the waves are confined to approximately region. In general, both types of dispersion may be
existent, although they are not sternly additive. Their mixture leads to signal degradation in
optical fibers for telecommunications, for the reason that the varying delay in arrival time in
the middle of different components of a signal "smears out" the signal in time [35].

1.2 Advances in Research of Photonic Crystal Fibers

Until recently, an optical fiber was a solid thread surrounded by a different material with a
lower refractive index. Today the photonic crystal fibers (PCFs) are recognized as a different
fiber technology. PCFs, which have been first established in 1995, are optical fibers with a
periodic arrangement of low-index material in a background with higher refractive index.
The background material in PCFs is usually undoped silica and the low index area is
typically provided by air-holes running along their whole length. Two main categories of
PCFs exist: high-index guiding fibers and photonic band gap ones. PCFs belonging to the
first category are more similar to conventional optical fibers, because light is confined in a
solid core by exploiting the modified total internal reflection mechanism. In fact, there is a
positive refractive index difference between the core region and the photonic crystal
cladding, where the air-hole existence causes a lower average refractive index. The guiding
mechanism is defined as modified because the cladding refractive index is not a constant
value as in standard optical fibers but it changes significantly with the wavelength.

This characteristic as well as the high refractive index contrast between silica and air
provides a range of new interesting features. Moreover, high design flexibility is one of the
distinctive properties of PCFs. In specific, by changing the geometric characteristics of the

air-holes in the fiber cross-section, that is, their dimension or position, it is possible to obtain



PCFs with diametrically opposite properties. For example, PCFs with a small silica core and
large air-holes, that is, with a high air-filling fraction in the transverse section have better
nonlinear properties compared with conventional optical fibers and so they can be well used
in many applications, like super continuum generation. On the different fibers can be
designed with small air-holes and large hole-to-hole distances in order to obtain a large
modal area, useful for high power distribution. Differently from standard fibers PCFs with
proper geometric characteristics can be endlessly single mode, that is, only the fundamental
mode is guided regardless of the wavelength. In addition a significant asymmetry can be
introduced in a simple way in the PCF core, thus creating fibers with very high level of
birefringence. Moreover the PCF dispersion properties can be tailored with great flexibility
so that it is possible to move the zero-dispersion wavelength to the visible range as well as to
obtain dispersion curves ultra-flattened or with a strong negative slope [37- 39].

When the PCF core region has a lower refractive index than the nearby photonic crystal
cladding, light is guided by a mechanism different from total internal reflection by exploiting
the presence of the photonic band gap (PBG). In fact, the air-hole microstructure which
constitutes the PCF cladding is a two-dimensional photonic crystal that is a material with
periodic dielectric properties characterized by a photonic band gap, where light in certain
wavelength ranges cannot propagate. The PBG effect can be also found in nature since it is
responsible, for example, of the beautiful and bright colors seen in butterfly wings. PCFs
with a low index core are created by introducing a defect in the photonic crystal structure, for
example, an extra air-hole or an enlarged one, and light is confined because the PBG makes
propagation in the micro structured cladding region impossible. This guiding mechanism
cannot be obtained in conventional optical fibers and it opens a whole different set of
interesting possibilities. In particular, light can be guided in air in PCFs with a hollow core
thus providing numerous promising applications such as low-loss guidance and high-power
distribution without the risk of fiber damage. Moreover air-guiding PCFs are almost
insensitive to bending even for small bending diameter values and they present extreme
dispersion properties, highly dominated by the waveguide component. Finally, when filled
with proper gases or liquids, hollow core PCFs can be successfully employed in sensor

applications or for nonlinear optics.



The main drawback which affects this new kind of fibers is related to the attenuation, which
is higher than that of conventional optical fibers. The different loss mechanisms are thus
studied for both solid and hollow-core photonic crystal fibers. In general, a loss reduction for
PCFs can be obtained by improving the fabrication process, reported in the last part of the
chapter. The stack-and draw process is described with other fabrication techniques [40].
Once reached the technological maturity, the advantages offered by PCFs with respect to
conventional fibers could be completely exploited for different applications and the new
fibers will enter concretely in the market.

1.3 Outline of Dissertation

The present work aims at the designing a structure with high electric field confinement, low
group velocity and low group velocity dispersion, single mode air photonic crystal fibers. In
this work, several parameters are varied such as radius of air holes (r), number of air holes
rings (N), dielectric constant of material (€), dielectric constant analysis has been done for an
best profile design. The simulation is done and results are validated with MIT photonic

bands.

Chapter 2 Provides an introduction to photonic crystal fibers, as well as a description of the
stack and draw technique used for the fabrication of silica photonic crystal fibers. It also
takes in a comprehensive description of the optical properties of photonic crystals and the

optical properties of index-guiding PCFs are briefly discussed.

Chapter 3 Discusses about the research work done in the photonic crystal fibers.

Chapter 4 Discusses the design and simulation of photonic crystal fiber with high electric

field confinement, controlling of dispersion, low group velocity and low cladding loss.

Chapter 5 summarizes the whole dissertation with some closing remarks and presents the

scope of photonic crystal fiber in near future.



CHAPTER 2

Characteristics & Applications of Photonic Crystal Fiber

2.1 Features of Photonic Crystal Fiber

It is important to indication that photonic crystal fibers are also referred as microstructure
optical fibers. In a conventional optical fiber the light propagation is due to total internal
reflection at the core/cladding interface. In contrast to this, PCFs are capable to guide light by
means of two different mechanisms: Modified total internal reflection, in which light is
guided in a solid core, surrounded by a structured cladding. In this case the average refractive
index of the cladding is reduced because of the air holes (low refractive index) [41]. On the
other hand, photonic band gap fibers exploit two dimensional photonic band gaps as the
mechanism of light guidance therefore they can guide light in a low refractive index medium
[42, 43, 44]. In photonic band gap fibers the air holes that define the cladding region are
arranged in a periodic lattice which presents a photonic band gap that does not allow light to
propagate in the cladding region under certain conditions.

A good starting point for understanding the properties of photonic crystal fibers is that of
photonic crystals. This section gives an insight into photonic crystal and the formation of
photonic band gaps. A complete review of the optical properties, guidance mechanisms and
fabrication methods of photonic crystal fibers is also presented here.

In the previous year scientists and engineers have been concerned about controlling the
optical properties of materials. We know of the conventional fiber-optic cables which simply
guide light trough a glass core by the law of reflection. A fiber optic cable was discovery in
data transmitting and they have revolutionized the telecommunication industry among others.
With photonic crystals we assume to be able to control light in an optical fiber, even with
core index lower than the cladding index, & both the theoretical and experimental research
have been very promising so far. But what is a photonic crystal? From solid state physics we
associate a crystal with a collection of atoms arranged in a certain lattice, and photonic
crystals are nothing else than a periodic arrangement of dielectric media. Photonic crystals
have a lot in common with traditional crystals and we can adopt many of the theories from

solid state physics combined with electromagnetism when dealing with photonic crystals. In



fact photonic crystals can most have all be described as the optical analog to semiconductors
with the electrons replaced by electromagnetic waves. By designing a given photonic crystal
we can also create a frequency band gap where no electromagnetic waves are permitted. This
band gap is one of the most essential features of the photonic crystal and with that they
should be able to create many new and exciting devices such as optical printed circuit boards,
new and improved fiber-optic cables and much more. Let us now take a closer look at the

photonic crystals.

2.2 Fabrication of PCF

Optical fiber fabrication typically includes two stages, preform fabrication and fiber drawing.
A preform is a large-scale replica of the fiber normally 50cm in length and 20mm in diameter
(for PCFs). A preform is drawn down to micro-scale dimensions on a fiber drawing tower
(see Fig. 2.1). During the comparatively short history of PCFs they are now made in many
laboratories around the world using various preform synthesis methods, such as: stacking of
capillaries and rods, sol-gel casting ultrasonic drilling [45], extrusion from bulk glass with
low softening temperature and rolling flexible material sheets into tubes [46], each of which
has advantages and disadvantages depending on the glass used and the desired fiber
geometry.

For silica PCFs, capillary stacking has become the most widely used technique mainly due to
the design flexibility it offers. In this approach, firstly, approximately half meter long
capillaries with a typical outside diameter of 1mm are drawn from a starting tube of large
purity synthetic silica with an outer diameter of 10-20mm. The inner/outer diameter of the
initial tube determines the ratio between the hole diameter and the lattice pitch (d/A) in the
drawn fiber. The capillaries are stacked on a horizontal ring in a close-packed arrangement
which reproduces the structure that is to be obtained in the final fiber. These packages are
then inserted into a jacket tube and packing silica rods of different diameters are carefully
inserted to ensure mechanical stability of the structure. A rod placed in the center of the stack
acts as the solid core of index-guiding PCFs and a tube is inserted if a hollow-core PBGF is
to be achieved. The resulting PCF preform is then drawn down to canes of few millimeters
diameter. The top end of the capillaries can be sealed in order to make pressure gradient to

balance the collapsing effect of surface tension during drawing. Vacuum is normally used



during this step to prevent the capillaries from moving [46]. The resulting cane is inserted
into a solid jacket tube and by applying a second drawing stage a PCF is produced. In this
latest stage, the use of vacuum, pressure and the control of the drawing parameters (tension,
furnace temperature, feed speed, fiber speed, etc.) are very important to obtain a fiber with
best characteristics. Fig. 2.1 shows a summary of the stack and draw fabrication method. An
amazing property of silica-air photonic crystal fibers is that the air channels in centimeter
scale preforms are preserved when drawn down to the micro-scale. After drawing, these
micrometer wide channels run along fibers that can be hundreds of meters of even a couple
of kilometers long. During drawing the preform is mounted in a holding chuck attached to a
feed mechanism that lowers the preform into a furnace at the feeding speed (Vp). The
furnace temperature is raised above the glass-softening temperature about 1900°C — 2200-C.
As the glass softens a drop forms due to gravity [47]. The drawn fiber is taken up by the
capstan which controls the draw speed (Vf). A variety of furnaces can be used to heat the
preform. As turbulence around the fiber causes unacceptable variations in the fiber diameter,
the furnace must provide laminar gas flow and must also give off no particles that might
attach to the preform and degrade the fiber strength. The most common furnaces used that
meet these requirements are graphite resistance and induction furnaces. The advantage of the
induction furnace is its compact size compared to resistance furnaces. The furnace includes
inert gas inlets to provide laminar flow of a sufficient quantity to maximize fiber strength and
minimize diameter variations characteristic of turbulent gas flows. Furnace temperature is
measured with an optical pyrometer from either the outer surface of the heating element or
directly from the preform neck-down depending on the furnace set-up, the former being the
more typical configuration. The temperature can be controlled to within 1°C. In order to
maintain a uniform fiber diameter; the drawing process includes a diameter control loop. The
fiber diameter is monitored as it exits the furnace. The output signal from the diameter
monitor is used to automatically adjust the speed of the drawing capstan using a PID
controller to obtain a constant diameter. Before the fiber reaches the capstan it is coated with
a protective polymer. Coating is required to protect the pristine silica surface from scratches
and abrasion and it preserves the intrinsic strength of silica. The coating usually consists of
two layers of acrylate, a softer inner layer and a harder outer layer. However, it is possible to

use the second coating only. Acryl ate coating is applied in liquid phase and is solidified by



UV-curing. Before coating the fiber must be cooled below 80° C. Thus, between the furnace
and the coating cup the fiber is cooled down by the surrounding air. At high drawing speeds
and with limited tower height it may be necessary to use [71] forced cooling using inert gases
as helium. After coating the fiber passes over a capstan onto a fiber take-up that winds the
fiber onto a spool. Prior to coating, the fiber surface is exposed to potential ambient
contamination that will reduce the fiber strength. The fiber is therefore drawn in a clean

room.

~1 mm
Step 1
Draw capillaries

Step 2
Stack capillaries

~15 mm

Step 3 o
Draw canes

Step 4 ‘ 4
Draw fibre T

~120 pm

Figure: 2.1 Summary of the stack and draw PCF fabrication system. Silica capillaries and rods rawn and
stacked in order to create a fiber preform. The preform is drawn down to a cane of 1mm and finally this cane is

presented in a jacket tube and drawn down to a fiber [71-72].

The most important conduit for modern telecommunications is the optical fiber: a long

filament of glass (or sometimes plastic) that guides light, often for a space of many
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kilometers. Optical fibers are also used in a range of other applications, ranging from
astrophysics to medicine. A traditional optical fiber consists of a central core that is
surrounded by a cladding of slightly lower dielectric constant, which confines the light by
index guiding. In this chapter, they will find that new regimes are opened for fiber operation

by incorporating periodic structures in the cladding: photonic-crystal fibers.

2.3 Optical Confinement in Photonic Crystal Fibers

Photonic-crystal fibers, also known as micro structured optical fibers, can be divided into a
few broad classes, according to whether they use index guiding or band gaps for optical
confinement, and whether the periodicity of the structure is one-dimensional or two
dimensional. Photonic crystal fiber confine light using a band gap rather than index
guiding. Band gap confinement is attractive because it allows light to be guided inside a
hollow core. This reduces the special effects of losses, undesired nonlinearities, and some
other unwanted properties of the bulk materials that are available. Band-gap fibers with a
one-dimensional periodicity a cladding with a series of concentric layers as in figure
2.2(a).were first analyzed precisely by Yeh et al. (1978), who known as Bragg fibers [48].
Band-gap fibers with two-dimensionally periodic claddings, as in figure 2.2(b), were
described by Knight et al. (1998). The most commonly used design is a holey fiber, such as
the one presented here, in which the cross section is a periodic array of air holes running the

whole length of the fiber.

Figure: 2.2 Three models of photonic-crystal fibers. (a) Bragg fiber, with a one-dimensionally periodic
cladding of concentric layers. (b) Two-dimensionally periodic structure with a triangular lattice of air holes,
confining light in a hollow core through a band gap. (c) Holey fiber that confines light in a solid core by

index guiding [71].
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Another possibility is an index-guiding photonic-crystal fiber, in which the periodic
structure is not working for its band gap, but rather to form an effective low-index
cladding everywhere the core. One way to accomplish this is with a solid-core holey-
fiber structure, as in figure 2.2(c). In this way, one can obtain a much higher dielectric
contrast than is generally probable with solid fiber materials, leading to a better strength
of optical confinement. This is often useful as a means of enhancing nonlinear effects, or
of creating unusual dispersion phenomena.

Photonic-crystal fibers must an enormous practical advantage over the periodic structures
that they discussed in previous: fibers can be created through a drawing process. In the
first step of this process, a scale model of the fiber is created, typically centimeters in size.
The preform is heated and pulled, stretching it like bubble gum into a thin strand whose
cross section is a scaled-down version of the preforms. In this way, hundreds of meters or
even kilometers of fiber can be drawn from a single preform, with near-perfect
uniformity. They begin with index-guiding fibers, since those are the easiest to
understand. They also demonstrate the important concept of the great frequency scalar
limit, a rigorous asymptotic form of the Eigen modes that they use to describe many
phenomena. Then, for photonic-bandgap fibers, they start with the example of two-
dimensional periodicity and follow with one- dimensional periodicity. The reason for this
reversal is not only that the holey bandgap fibers are closely related to their index-guiding
counterparts, but also that Bragg fibers introduce some new concepts: continuous

rotational symmetry and a new form of "tm" and "te" polarizations.

2.3.1 Index-Guiding Photonic-Crystal Fibers

The photonic-crystal fibers to understand are those that employ index guiding. They guide
light by virtue of the smaller average refractive index of the cladding relative to the core
[55]. A typical example is the holey fiber of figure 2.2(c), in which the cladding has a cross
section that is a triangular lattice of air holes within an otherwise uniform dielectric
medium. They use a spatial period a, with holes of radius 0.3a and a background dielectric
constant of € =3.4.The core is really just the position of a missing hole in the middle. One might
optimism that it would be sufficient to consider only some average index contrast in the

middle of core and cladding, but in fact a full understanding of this case requires an
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analysis of the band diagram [48]. Since a fiber has translational symmetry along the fiber

axis kz is conserved, and they can write the field in the usual Bloch form:
H(x,y,t) = H(x,y) eik zz—iot

They design o versus kz to obtain the band diagram (or dispersion relation), which is shown as an
inset diagram in figure 2.3. The projected band diagram contains of two parts: a continuum
of frequencies representing all of the possible extended states within the cladding, and a
discrete set of guided bands with frequencies lying below the light cone. If the cladding
material were uniform with a dielectric constant ¢ (independent of ), then the light line would be a
straight line, @ = ckz /& For ano uniform cladding such as our lattice of holes, the light line is not

straight. Instead, it is given by the fundamental space-filling mode of the cladding.
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Figure: 2.3 Band diagram of solid-core holey fiber as a function of axial wave vector kz. The usual ®

plot is inset, but for clarity they also plot the Aw between the guided bands and the light line. The higher-order guided
modes are three bands that are nearly on top of one another [74].

In this structure, however, the guided mode is so close to the light cone that it is more

convenient to plot the difference Aw = w;.— o betweenthe light line wlc and the guided band
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o, rather than plotting e itself. This is done in figure 2.3. They have defined Aw such that it is positive for
an index-guided mode. They can compute the light line in the same way they did previously
when considering the continua of extended modes for linear defects or surface. For each
kz, they find all of the extended modes of the infinite periodic cladding for all possible
transverse wave vectors(kx, ky). Then they design the resulting frequencies as a function
of kz. The lowest frequency for each kz defines the light line. These extended modes are
analyzed by considering the periodic cladding by itself: one need only consider (kx, ky)
in the irreducible Brillouin zone of the triangular lattice.

The increased ¢ of the core presents one or more guided modes, by pulling down modes beneath
the light line. Because they are below the light line, these modes must decay
exponentially into the cladding. The farther below the light line they are pulled, the faster
the transverse decay. For the case of figure 2.2(c), a doubly degenerate band is localized

in the core, whose field patterns are shown in figure 2.4.

Figure: 2.4 Electric-field designs for the doubly degenerate fundamental mode of figure 2.3. Their
polarizations are near orthogonal everywhere: the mode pictured at left is mostly Ex, and the mode pictured at

right is largely Ey. The green rings show the locations of the air holes [48].

2.3.2 Band-Gap Guidance in Holey Fibers

Index guiding can be relied upon to confine light only within areas of higher effective
index. In contrast, a photonic band gap can localize light in a waveguide with a lower
index, such as the hollow core in figure 2.2(b). A fiber cannot have a complete band gap,
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because of its continuous translational symmetry in the z direction, but a complete band
gap is not necessary [72]. Because of the translational symmetry, the wave vector kz is
conserved, and it is therefore still suitable to have a band gap over some finite range of kz.
But how might such a gap arise in silica holey fibers such as those of the previous

sections? And how can they use it to confine light in air?

2.3.3 Origin of the Band Gap in Holey Fibers

They begin by considering the periodic cladding by itself, without any core. At any
specified kz value, the results are the typical Bloch modes, comprising a band structure in
a two-dimensional Brillouin zone. They would like to find a range of kz for which the
band structure has a gap in the middle of two bands.

Since they have a two-dimensionally periodic structure, our first desire might be to return
to the results. Are the previously discussed two-dimensional gaps of any use here? The
answer, unfortunately, is no, correspond to kz = 0. In order to be useful in a waveguide,
the gaps must extend over a range of nonzero kz. If the crystal has a complete gap at kz =
0, then indeed there will be a range of values of kz = 0 over which the gap will persist.
But the silica/air dielectric contrast of 3.4:1 is not sufficient to obtain such a complete two-
dimensional gap .The silicon/air structure can have a TE gap, but not an overlying TM
gap, and for kz = 0 both the TE/TM distinction and the gap disappear [48].

What other recourse do they have to find a gap in a holey fiber? Since kz = 0 was
unhelpful, let us consider kz — oo instead. In this limit, as defined in the subsection The scalar limit
and LP modes of chapter, the system is again equivalent to a two-dimensional system one in
which the holes are replaced by perfect-metal rods and only an analogue of the TM
polarization is present. Such a structure can indeed have a gap between two bands. They
saw that a metallic rod radius of r = 0.3a led to a gap between the second and third bands.
Furthermore, this band gap will appear not only for silica/air structures, but for any index
contrast with the similar geometry, as long as they go to a high enough kz. In this case, the
first two "LP" bands in the scalar limit correspond to four vectorial modes, so they expect
to see a gap open between the fourth and fifth bands for sufficiently large kz.
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Figure: 2.5 Projected band diagram, as a function of out-of-plane wave vector kz, for a triangular

lattice of air holes in € = 2.1. This methods the light cone of the holey fiber from figure 2.2(b), with gaps

appearing as open areas. The light line of air, w=ckg, isdisplayed in red [72].

As they will describe below, when guiding in an air core it is important that the gap open

up when kz is not too high, in order for the gap to extend above the light line of air (o =ckz).

Therefore, they rise the strength of the gap by enlarging the holes to r = 0.47a. The resulting
projected band diagram is shown in figure 2.5, where they plot all the modes of this
periodic cladding as a function of kz. This is the light cone of the crystal, but unlike the
light cone of a uniform medium it has openings above its lowermost boundary: the photonic
band gaps. Just as they predicted from the scalar limit, the lowest gap is indeed between
the fourth and fifth bands. This can be seen in the exact vectorial band diagram for the r =
0.47a holey fiber at a particular kza/2z = 1.7,shownin figure 2.6. There is, of course, a gap

below the first band, corresponding to the index-guided region below the light cone, and

the next gap is after the fourth band [74].
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Figure: 2.6 Band diagram vs. in-plane wave vector in the irreducible Brillouin zone for the triangular
lattice of air holes from figure 2.5, at an out-of-plane wave vector kza/2z = 1.7.Gaps are covered yellow: the
lower gap corresponds to the index-guiding section, and the upper gap matches to one of the band gaps inside the

light cone where guiding in an air core is possible [74].

2.3.4 Guided Modes in a Hollow Core

By now they are at ease with the proposition that, given a band gap, presenting a defect in
the crystal can produce localized positions [48]. This phenomenon is demoralized to guide
light in a hollow-core photonic-crystal fiber. Figure 2.7 shows the cross section of an
experimental holey silica fiber with a hollow core cover the area of seven holes of the
periodic structure. Theoretically, they will form a related cross section by enlarging a single
hole to a radius of 1.202a, and they will focus on the modes within the first gap of figure 2.5
and exhibits a bewildering variety of guided modes. they can categorize these modes in
two ways: by symmetry and by whether they are surface states or air-core modes.
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Figure: 2.7 Electron-microscope image of hollow-core holey-fiber cross section (black areas are air holes,

and gray areas are silica glass).

2.4 Losses in Photonic Crystal Fibers

Optical fibers are used to transference light over distances ranging from meters to
thousands of kilometers. Over such spaces, even small imperfections can lead to substantial
effects. Conventional silica fibers have attained such an amazing degree of perfection that
their losses (only about 0.2dB/km at 1.55um) are limited by a mixture of intrinsic material
absorption and scattering from microscopic density fluctuations. At longer wavelengths, on
the other hand, such as the 10.6um large-power lasers used for various industrial and
medical applications, silica and other common fiber materials are not transparent at all.
Interestingly, not all losses are bad. As they have seen, most of the proposed hollow-fiber
designs have been multi-mode. They support multiple guided modes that propagate at
different speeds. Unchecked this results in modal dispersion: since it is impossible to
avoid exciting multiple modes, the differing velocities cause pulses to spread and
information transmission to be scrambled. However, this problem is reduced in a hollow-
core fiber by differential attenuation: some modes have much lower losses than others,
and thus transmission in everything but the lowest-loss mode will be filtered out after

propagation over a long distance.
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2.4.1 Cladding Losses

Three main loss mechanisms are associated with the amount of field penetration into the
cladding: material absorption, radiative leakage due to the finite crystal size, and scattering
from disorder. All of these will tend to reduction as the core radius R increases [1]. They
will show that they typically decrease asymptotically as1/R3. Of these three loss
mechanisms, the simplest one to analyze is material absorption. This can be defined by a
small imaginary part ik thatis added to the real refractive index n. Because xn for transparent
materials, one can obtain essentially exact results for the loss by starting with the Eigen
mode of the loss less structure and employ-in perturbation theory, Equation tells us the
imaginary change Aw in the frequency due to «, and to obtain the loss rate per unit distance they

compute Akz = -Aw/vg viathe group velocity vg = dew/dkz. Letting o2 Im Akg, this describes

a decay e—az/ 2 inthe fields and e—oZ in the intensity. Combining these equations, the decay rate o
due to a single absorbing material with a complex refractive index n + ixis [47]
wk
a= vg_n Fraction of f£|E|2 in absorbing material
(For the case of many materials, one simply adds the o from each material). As a special case,
if the field energy propagates entirely within the material with a group velocity vg = c¢/n
as for a plane wave (neglecting material dispersion), then one obtains a bulk absorption
loss. Therefore, a useful dimensionless figure of merit for a hollow-core fiber mode is the
ratio a/«ag. this is called the absorption suppression factor, the factor by which loss is

decreased due to the portion of light in air.

2.5 Dispersion Properties of Optical Fiber

In optics, dispersion is the phenomenon in which the phase velocity of a wave rest on its
frequency, or otherwise when the group velocity depends on the frequency. Media having
such a property are termed dispersive media [32]. Dispersion is sometimes known as
chromatic dispersion to emphasize its wavelength-dependent nature or group-velocity
dispersion (GVD) to emphasize the character of the group velocity. The maximum familiar
example of dispersion is probably a rainbow, in which dispersion reasons the spatial
separation of a white light into components of not the same wavelengths (different colors).

However, dispersion also has an effect in a number of other circumstances: for example,

19



GVD causes pulses to spread in optical fibers, degrading signals over large distances; also

[33], a cancellation between group-velocity dispersion and nonlinear effects leads to soliton
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Figure: 2.8 Pulse Degradation from Dispersion in Photonic Crystal Fiber.

Dispersion is finest often defined for light waves, but it may occur for some kind of wave
that interacts with a medium or passes through an inhomogeneous geometry (e.g a
waveguide), such as sound waves [49]. There are mostly two sources of dispersion: material
dispersion and waveguide dispersion. Material dispersion derives from a frequency-
dependent answer of a material to waves. For example, material dispersion leads to undesired
chromatic aberration in a lens or the parting of colors in a prism. Waveguide dispersion
follows when the speed of a wave in a waveguide (such as an optical fiber) depends on its
frequency for geometric reasons, independent of any frequency dependency of the materials
from which it is constructed. More generally, "waveguide" dispersion can occur for waves
propagating through any inhomogeneous structure (e.g., a photonic crystal), whether or not
the waves are confined to approximately region. In general, both types of dispersion may be
existent, although they are not sternly additive. Their mixture leads to signal degradation in
optical fibers for telecommunications, for the reason that the varying delay in arrival time in
the middle of different components of a signal "smears out™ the signal in time.

2.5.1 Chromatic Dispersion (CD)

Chromatic dispersion is a broadening of the input signal as it travels down the size of the
fiber. The concept to consider when talking about chromatic dispersion (CD) should be
optical phase. It is important to indication optical phase before any explanations of CD or
group delay because of their mathematical relationship. Group delay is defined as the first

derivative of optical phase with respect to optical frequency [49]. Chromatic dispersion is the
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second derivative of optical phase with respect to optical frequency. These quantities are
represented as follows:

Group Delay = d¢p/dw

Chromatic Dispersion = 9%¢/0w?

Where ¢ = optical phase and w = optical frequency

Chromatic dispersion consists of both material dispersion and waveguide dispersion as given

away in Fig 2.9.
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Figure: 2.9 Dispersion in a single mode optical fiber as a role of wavelength.
Both of these phenomena take place because all optical signals have a finite spectral width,
and dissimilar spectral components will propagate at different speeds along the length of the
fiber. One cause of this velocity difference is that the index of refraction of the fiber core is
different for different wavelengths. This is known as material dispersion and it is the main
source of chromatic dispersion in single-mode fibers. One more cause of dispersion is that
the cross-sectional distribution of light within the fiber also changes for different

wavelengths. Smaller wavelengths are more totally confined to the fiber core, while a higher
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portion of the optical power at largest wavelengths propagates in the cladding. Then the
index of the core is larger than the index of the cladding, this change in spatial distribution
causes a change in propagation velocity. This phenomenon, shown in Fig. 2.10, is known as
waveguide dispersion. Waveguide dispersion is relatively small compared to material
dispersion [49].

Chromatic dispersion in a component is significantly different than chromatic dispersion in
long length optical fiber. Chromatic dispersion remains constant over the bandwidth of a
communications channel for long lengths of fiber. As a result, chromatic dispersion is a poor
predictor of component performance in a communications system. Chromatic dispersion can
cause bit errors in digital communications or distortion and a higher noise floor in analog
communications, and can pose a serious issue in high-bit-rate systems if it is not measured

accurately and some form of dispersion compensation is not employed.

n2 \ N
n Ty

Val %

Long Wavelength Short Wavelength

Figure: 2.10 Waveguide dispersion different wavelengths will experience different effective refractive index.

2.5.2 Group Velocity Dispersion (GVD)

A new consequence of dispersion manifests itself as a temporal effect. The formula v =
c / n calculates the phase velocity of a wave; this is the velocity at which the phase of any
one frequency component of the wave will transmit. This is not the same as the group
velocity of the wave that is the rate at which changes in amplitude will transmit. For a

homogeneous medium, the group velocity vg is linked to the phase velocity by (here A is the
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wavelength in vacuum, not in the medium). The group velocity vg is often thought as the
velocity by which energy and data is conveyed along the wave. In maximum cases this is
true, and the group velocity can be assumed of as the signal velocity of the waveform. In
some unusual circumstances, called cases of anomalous dispersion, the rate of change of the
index of refraction with respect to the wavelength changes sign, in which case it is probable
for the group velocity to exceed the speed of light (vg > c¢). Anomalous dispersion happens,
for instance, where the wavelength of the light is near to an absorption resonance of the
medium. When the dispersion is anomalous, however, group velocity is no longer an pointer
of signal velocity. Instead, a signal movements at the speed of the wave front, which is c
irrespective of the index of refraction.[49]

Recently, it has become probable to create gases in which the group velocity is not only
higher than the speed of light, but even negative. In these cases, a pulse can appear to exit a
medium before it enters. Even in these cases, however, a signal travels at the speed of light,
as demonstrated by Stenner [49]. The group velocity itself is usually a role of the wave's
frequency. This results in group velocity dispersion (GVD), which causes a minor pulse of
light to spread in time as a result of different frequency components of the pulse travelling at
different velocities. GVD is often quantified as the group delay dispersion parameter:

A d?n

c dA?
If D is small than zero, the medium is held to have positive dispersion. If D is larger than

zero, the medium make sure negative dispersion. If a light pulse is transmitted through a
normally dispersive medium, the result is the higher frequency components travel slower
than the lower frequency components. The pulse therefore becomes positively chirped, or up-
chirped, increasing in frequency with time. Conversely, if a pulse travels through an
anomalously dispersive medium, high frequency components travel faster than the lower
ones, and the pulse becomes negatively chirped, or down-chirped, decreasing in frequency
with time. The result of GVD, whether negative or positive, is ultimately temporal spreading
of the pulse. This makes dispersion management extremely main in optical communications
systems based on optical fiber, since if dispersion is too high, a group of pulses
demonstrating a bit-stream will spread in time and merge together, rendering the bit-stream

unintelligible. This limits the length of fiber that a signal can be sent down without
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regeneration. One possible answer to this problem is to guide signals down the PCF at a
wavelength where the GVD is zero (e.g., around 1.3-1.5um in silica), so pulses at t.his
wavelength suffer minimal spreading from dispersion—in practice, however, this approach
causes more problems than it solves because zero GVD unacceptably amplifies other
nonlinear effects (such as four wave mixing). A new possible option is to use soliton pulses
in the regime of anomalous ispersion a form of optical pulse which uses a nonlinear optical
effect to self-maintain its shape solitons have the practical problem, however, that they need
a certain power level to be maintained in the pulse for the nonlinear effect to be of the right
strength. Instead, the result that is currently used in practice is to perform dispersion
compensation, typically by matching the fiber by another fiber of opposite-sign dispersion so
that the dispersion effects cancel; such compensation is ultimately limited by nonlinear
effects such as self-phase modulation, which interact with dispersion to make it very difficult
to undo. Dispersion control is also important in lasers that produce short pulses. The overall
dispersion of the optical resonator is a major factor in determining the duration of the pulses
emitted by the laser. A pair of prisms can be arranged to produce net negative dispersion,
which can be used to balance the usually positive dispersion of the laser medium. Diffraction
gratings can also be used to produce dispersive effects; these are often used in large-power
laser amplifier systems. Recently, an alternative to prisms and gratings has been developed:
chirped mirrors. These dielectric mirrors are coated so that different wavelengths have
different penetration lengths, and therefore different group delays. The coating layers can be

tailored to achieve a net negative dispersion.

2.6 Group velocity

The group velocity of awave is the velocity by which the total shape of the wave’s
amplitudes known as the modulation or envelope of the wave propagates through space. For
example, imagine what happens if a stone is thrown into the central of a very still pond.
When the stone hits the surface of the water, a round pattern of waves appears. It soon turns
into a round ring of waves with a quiescent center. The ever expanding ring of waves is
the wave group, within which one can discern individual wavelets of differing wavelengths
traveling at different speeds. The longer waves travel quicker than the group as a whole, but

they die out as they method the leading edge. The shorter waves travel more slowly and they
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die out as they emerge from the trailing boundary of the group. The group velocity vy is

defined by the equation:

v_aw
97 ok

Where wis the wave'sangular  frequency andkis theangular  wavenumber.
The function o(k), which giveswas a role ofk, is known as the dispersion relation.
If ® is directly proportional to k, then the group velocity is correctly equal to the phase
velocity. A wave of any shape will travel undistorted at this velocity. If o is a linear function
of k, but not directly proportional (w = ak + b), then the group velocity and phase velocity
are different. The envelope of a wave packet will travel at the group velocity, while the
individual peaks and troughs within the envelope will move at the phase velocity. If  is not
a linear function of k, the envelope of a wave packet will become distorted as it travels. This
distortion is directly linked to group velocity, as follows. Since a wave packet contains a
range of different frequencies, the group velocity dw/dk is a range of different values
(because w is not a linear function of k). Therefore the envelope does not move at a single
velocity, but a range of different velocities, so the envelope gets distorted. See further
discussion below [51].

2.7 Photonic crystal fiber for Sensing and Dispersion Control

Photonic crystal fibers have created a number of applications. A review of some properties
and applications of PCFs can be found in Refs. [16-18]. Since bandgap guiding PCFs can
guide light in an air core, the guided light is little affected by the absorption of 0.15dB/km in
silica. This suggests that air-guiding PCFs might find applications as transmission fibers.
However, other loss mechanisms must be taken into consideration [19]. The lowest loss
demonstrated to date is 13dB/km in a single-mode air-guiding PCF [19], and 1.7dB/km in a
weakly multimode air-guiding PCF [21]. The latter result is still about an order of magnitude

larger than the loss of standard fibers.

2.7.1 Optical Sensors
Sensing is thus far a relatively unexplored area for PCFs, although the opportunities are

myriad, spanning many fields including environmental monitoring, biomedical sensing, and
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structural monitoring [47]. Multicore PCF has been used in bend and shape sensing and
Doppler difference velocimetry double-clad PCF in multiphoton fluorescence measurements

in medicine and solid-core PCF for hydrostatic pressure sensing.

2.7.2 Dispersion Compensation

The large glass air refractive-index difference makes it possible to design and fabricate PCFs
with high levels of GVD. A PCF version of the classical W-profile dispersion compensating
fiber was recently reported, offering slope-matched dispersion compensation for SMF-28
fiber at least over the entire C-band. Dispersion values of —1200 ps/nm/km imply that only 1
km of fiber is needed to compensate for 80 km of SMF-28. The fiber was made deliberately

birefringent to allow control of polarization mode dispersion [47].

2.7.3 High-Power and Energy Transmission

PCF’s ability to remain single mode at all wavelengths where it guides, and for all scales of
structure, suggests that it should have superior power-handling properties the core area can
be increased without the penalty of introducing higher order guided modes. The ability to
transmit much higher power in a single mode has a major impact in the field of laser
machining and high-power fiber lasers and amplifiers. The key issue is bend loss, and as they
have seen, it turns out that PCF offers a wider bandwidth of useful single-mode guidance
than high-A SMF, because it can operate in the multimode regime of SMF while remaining
single mode (Section VI-B1). This also allows the long-wavelength bend edge to be moved
to longer wavelengths. Hollow-core PCF is also an excellent candidate for transmitting high
continuous-wave power as well as ultrashort pulses with very high peak powers. Solitons
have been reported at 1550 nm with durations of 100 fs and peak powers of 2 MW and at 800
nm using a Ti:sapphire laser. The soliton energy is, of course, determined by the effective
value of y and the magnitude of the anomalous GVD. The GVD changes sign across the band
gap, permitting choice of normal or anomalous dispersion, depending upon the application
[47]. Further studies explore the ultimate power-handling capacity of hollow-core PCF.
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CHAPTER 3

LITERATURE SURVEY

Ardavan F. Oskooi, et al. in 2009 [1] Present a holey photonic-crystal fiber with
chalcogenide-glass index contrast can be calculated to have a complete gap at a propagation
constant B = 0 that also extends into the non-zero P region. This type of bandgap opens up a
regime for guiding zero—group-velocity modes not possible in holey fibers with the more
common finger-like gaps originating from 8 — oo. Such modes could be used for hollow-core

fibers in gas-sensor applications.

M.J. Gander, et al. Present a measurement of group velocity dispersion in photonic crystal
fiber using low coherence techniques in 1999 [49]. The results verify theoretical predictions
that photonic crystal fiber, unlike conventional step-index fiber, can display anomalous
waveguide dispersion while remaining single mode. This allows the design of single mode
fibers with zero dispersion points at wavelengths much shorter than is possible in standard
fiber.

In 2013 [53] Abdelaziz, et al. Proposed by using a great birefringence and an ultra-flattened
chromatic dispersion over a large wavelength range are achieved. It is shown that a low
confinement loss can be obtained while the birefringence remains the same. The numerical
results show that the presented PCF structure can be successfully employed as maintaining

polarization devices working in a large zero- chromatic dispersion region.

Saeed Olyaee, et al. in 2011 [70] discussed highly suitable transmission media for optical
communication systems. Small confinement loss, large effective area in a wide range of
wavelengths, and ultra-flattened dispersion of PCFs is extremely desirable. In this paper,
simulate a new structure of dispersion flattened photonic crystal fiber (DF-PCF). Also,
investigate the tolerance analysis of the PCF deformations including tolerances of the pitch

size and outer air holes diameter.
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In 2006 [54] Yin Wang, et al. Present an Up to 14-ns delay is achieved by the SBS slow light
in a 25-m long high nonlinearity photonic crystal fiber. The high delay efficiency improves

the control rate of SBS slow light systems.

Michela Svaluto Moreolo, et al. in 2008 [51] Present a slow-light PhC structures based on
the coupling of point defects. The performances of different enhanced coupled cavity
waveguides are analyzed by using the tight binding (TB) approximation and the plane wave
expansion (PWE) method. They show that light can be further slowed down by coupling
high-Q cavities and that the delay line performance depends on the cavity symmetry. A
group velocity of about 10™ ¢ can be reached and the bit length is 300 times smaller than the

corresponding parameter of a fiber delay line.

Jan Sporik, et al. discussed Principle of PCF and its application in 2011 [55]. Simulations of
one dimension photonic crystal are made. Possibilities of conventional fibers are shown and
the comparison with PCF is done. Many types of commercially available PCF are listed. The
Photonic Crystal Gaps are calculated for various one dimension periodic structures. Plane
wave expansion method is used. The results are found by solving the eigenvalue problem for
the intensity of Electric field. The influence of Photonic Crystal Gap on the layer width and
the parameter gap-midgap ratio is discussed. The scalar solution for one dimension photonic

crystal is found.

G.Calo, et.al in 2005 [69] introduced Photonic crystal fibers exhibit physical features, from
various angles, more versatile, intriguing and promising than those pertaining to the
conventional optical fibers. Their cross-section can be optimized to obtain single mode
operation on a wide wavelenght range, soliton propagation, regeneration application,
controllable group velocity dispersion. Moreover their core can be rare-earth doped so
obtaining high-performance optical amplifiers and lasers or active components for optical

communication systems.

In 2000 [56] J. C. Knight, et al. present the measured group-velocity dispersion

characteristics of several air-silica photonic crystal fibers with anomalous group-velocity
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dispersion at visible and near-infrared wavelengths. The values measured over a broad
spectral range are compared to those predicted for an isolated strand of silica surrounded by
air. They demonstrate a strictly single-mode fiber which has zero dispersion at a wavelength
of 700 nm.

Marzena M. Tefelska, et al. in 2012 [68] discussed a measurement of the temperature
dependence of the zero dispersion wavelengths in an air/silica photonic crystal fiber. This is
done through a fourth-order four-wave mixing process by pumping the fiber in a low normal
dispersion regime. The zero dispersion wavelengths are found to increase by about 10 nm
from room temperature to 250 °C. This result is in good agreement with numerical
simulations which demonstrate that it is mainly due to the thermo-optic effect. They found
that the zero-dispersion wavelength evolution is not linear with temperature and that the shift
rate is continuously increased from 39 pm/°C at room temperature to 63 pm/°C at 250°C.

Marzena M. Tefelska, et al. in 2012 [58] Present a very large mode area multimode photonic
band-gap (PBG) propagation in a solid core photonic crystal fiber (PCF) filled with a liquid
crystal (LC). The host fiber was designed with a 50-um core diameter to optimize the light
coupling from standard multimode fibers. After filling it with LCs, multimode selective
propagation was observed and it was possible to tune the bands with temperature. The mode
field was well localized in the core area and compared to our previous works, a much smaller
percentage of optical power penetrates the LC-filled holes. Consequently, the scattering loss
is reduced, allowing for lower insertion losses. Attenuation was measured by the cut-back
technique and for one of the band gaps it was 0.16 dB/cm, which, to the best of our
knowledge, has been the lowest level of attenuation reported so far in PBG-guiding LC-filled
PCFs.

In 2012 [59] Yani Zhang, et.al Proposed a novel of photonic crystal fiber (PCF). Which is
composed of a central defect core and cladding with elliptical air-holes along the fiber length.
And two circle air-holes is enlarged in the near to central region to reduce core size and
induce higher nonlinear. Its dispersion, birefringence and nonlinearity coefficient are

investigated simultaneously by using the full vectorial finite element method. Mathematical
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results indicate that the proposed fiber has two zero dispersion wavelengths and high
birefringence high nonlinear effects, which will have important application in four-wave

mixing and higher-order dispersion effects.

Ran Gao, et.al discussed a novel method for the measurement of chromatic dispersion (CD)
profiles of photonic crystal fibers (PCFs) by using a tip interferometer is presented in 2013
[61]. A PCF tip interferometer is formed by splicing a short section of the PCF to a single
mode fiber. The CD coefficient of the PCF is measured from 1525 to 1565 nm by using the
white-light interferometry. The result of the proposed method agrees with that of the
conventional swept wavelength interferometry. The maximum variation is only0.084

ps/nmkm at the wavelength of 1537.672 nm.

Jianhua Li, et al. in 2013 [62] Present very highly birefringent PCF with hybrid cladding is
proposed. The birefringence is theoretically investigated with variant structural parameters
and refractive index of filled material. The results show that the proposed PCF can provide

high birefringence and be well tuned. It can be used as polarization controllers or sensors.

S. M. Abdur Razzak, et al. introduced an optimum design for highly nonlinear dispersion
managed photonic crystal fibers in 2008 [63]. According to simulation, an eight-ringed
photonic crystal fiber can be designed with a high nonlinear coefficient at 1550 nm with
simultaneously flatter dispersion characteristics and low confinement losses. This fiber also

assumes a high birefringence and has a modest number of design parameters.

In 2007 [64] Tim Birks, et al. Present tapering of photonic crystal fibers to make all-fiber
mode converters for the LP11 and LP0O2 modes. The devices rely on adiabatic propagation

rather than resonant coupling, allowing high extinction across a wide wavelength range.

Philip St.J. Russell, in 2006 [47] Present the history, fabrication, theory, numerical modeling,
optical properties, guidance mechanisms, and applications of photonic-crystal fibers are

reviewed.
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Desmond M. Chow, et al. in 2012 [65] discussed the Fabrication of High Index Guiding
Photonic Crystal Fiber is demonstrated using stack-and-draw technique. Fabricated Photonic
Crystal Fiber has core size of 5.77um and displays low loss single-mode guiding in

communication band.

In 2013 [66] Assaad Baz, et.al Present the theoretically and experimentally analyze the
benefit of hetero-structured cladding in Solid-Core Photonic Band Gap fibers so as to
increase the loss ratio between high order modes and fundamental mode. When designed to
operate in the 4th BandGap, a new design is proposed which permits to obtain mode field
diameter of 44 whereas, for operation in the 3rd BandGap, a mode field diameter of 33 is

obtained with 20 cm bending radius.

P. AndrCs, et al. in 2002 [67] Present a Systematic knowledge of the particular guiding
properties of photonic crystal fibers (PCF's) permits the achievement of structures with
flattened, or even ultra-flattened, positive, negative, or nearly-zero group velocity dispersion
for different wavelength ranges. On the other hand, they have identify a PCF, called super-
square PCF, in which the introduction of an off-lattice hole generates a highly anisotropic

intrabaod guidance, and then the structure operates as a polarization maintaining fiber.
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CHAPTER 4

Design For High Optical Confinement And Low Group Velocity

4.1 Structure of Photonic Crystal Fiber

Design of PCF consists of a solid core of material with a periodic array of air holes running
along the length of the fiber acting as the cladding. In this kind of PCF the mean cladding
refractive index is lesser than the core index. This type of fiber works on the principle of
modified total internal reflection. In particular, design and construction of photonic crystals
can be done with photonic band gaps that prevents light from propagating in certain
directions with specified frequencies (i.e., a certain range of wavelengths, or colors, of light).
As the operation is based on modified total internal reflection, the properties of high index

core triangular PCFs in many respects resemble those of step index fibers [41].

Figure: 4.1 photonic crystal fibers with a triangular lattice of air holes, where d is the hole diameter, A is the
pitch, and the dielectric constant of material (€). In the center, an air hole is omitted creating a central high

index defect serving as the fiber core.

The cross-sectional view of the proposed PCF design is shown in Fig 4.1. The cladding of the
PCF consists of a square lattice of circular air holes with a radius (r). In the Centre, an air

hole is omitted creating a central high index defect serving as the fiber core.
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The proposed PCFs may not be simple to fabricate. However, the current movement in PCF
technology has demonstrated that fabrication of even more complex PCF structures is
possible. The possible errors during the fabrication process, as in any PCF structure, could
affect the group velocity & group velocity dispersion. Fabrication error possibilities, such as
the variation of hole size and hole-to-hole spacing (between.20a—90a) a is lattice constant.
Our simulations results have indicated that, Fraction of Electromagnetic Energy is rather
sensitive when air hole size and the position of inner rings are changed. A PCF can be
considered as a two-dimensional waveguide that is periodic in X and Y directions. This PCF
includes an array of dielectric rods. The light is assumed to propagate mostly along the Z axis
and parallel to the rods. An important parameter should be considered for PCF designing is

the group velocity dispersion [49]. It can be calculated from:

evp 21 _ i(%)z ok
dwv, Odw \dw dw?

Where vg is group velocity, w is the frequency and Kk is propagation constant.

Basic working of PCF does depend upon two modes, namely single mode and multi-mode. In
multi-mode PCF instead of core the light is confined in both core and cladding due to the
effect of hole pitch, diameter of air holes and the number of layers of air holes. Propagation
of electric field distribution in multi-mode PCF has been shown in Fig. 4.2. But due to
certain difficulties the multi-mode provides undesired results in the photonic crystal fiber

case.
- -w

- -
Figure: 4.2 Electric field distribution in multi-mode photonic crystal fibers.
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The defect in the center acting as the core disturbs the periodicity of holes that helps in
obtaining solid optical confinement in the core as shown in the Fig. 4.3. The periodic
structure (air holes) surrounding the defect core causes a collective cancellation of scattering
of light leading to localization of light in the defect region. Fig. 4.3 shows a strong optical

confinement in defect core where N=4x4, =12, r=0.42a (a is lattice constant).

Figure: 4.3 Electric field distribution in the single mode photonic crystal fiber with core defect radius = 0.70a,

N=4x4, ¢=12, r=.42a.

In single mode PCF light is totally confined in the core enabling various advantages such as
low confinement loss, low scattering, low dispersion loss, low bending loss when compared
with multi-mode PCF. Due to above qualities, single mode photonic crystal fibers have been
taken into account in this thesis report. Fig. 4.3 represents the propagation of electric field
distribution in single mode PCFs.

The defect described in figure (4.3) is just one out of many localized defect states, and by
varying the radius of the crystal defect we can obtain other defect states. In order to use the
defect states in practical applications, it is of great importance to know for which radius of
the crystal defect, localized states exist. We have therefore plotted the fraction of
electromagnetic energy inside the solid core defect as function of the defect radius. From
figure (4.4) we see that the maximized localization happens for a defect radius of 0.70a. For
this value 99% of the field energy is localized within the core-defect. Then the defect radius
should be in the range [0.20a; 0.90a]. This means that we can adjust the lattice constant to

make the band gap fit the demands on the operating frequency and construct the structure
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which has largest confinement to the core-region. Until recently there have been some
difficulties in fabricating solid core photonic crystal fibers with a defect radius within such a
narrow range. In figure (4.3) we have plotted the field distribution of some structures from
figure (4.4). From figure (4.4) we notice that the confinement fraction falls abruptly between
the defect radius of 0.30a and 0.90a.

4.2 Effects of Different Parameters on Photonic Crystal Fiber:

4.2.1 Variation in Fraction of Electromagnetic Energy versus Radius of
Core Defect at Different Material:

Fig. 4.4 shows the variations of electromagnetic energy of PCF with the radius of core defect
(r) for various values of diclectric constant (g). It can be concluded that electromagnetic
energy increases as Radius of core defect increases as a whole. For low values of, Radius of
core defect periodicity effect doesn’t support its function, as fluctuations can be observed for
hole radius values of 0.30a to 0.60a. As the core radius reaches value of 0.70a and above
electromagnetic energy is almost constant & 99% as periodicity truly define its purpose

thereafter.
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Figure: 4.4 The fraction of electromagnetic field energy localized inside the core-defect. The defect radius is
varied between 0.20a and 0.9a. The size of the super-cell is 4 x 4 of the unit cell and holes radius 0.42a, lattice
constant a =1.
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A solid core is formed by removing some dielectric material, and here we do so by a
cylinder-shaped solid core with an inscribed-circle radius r. The different types of modes
with varying symmetry and degrees of confinement can be localized in fig (4.5). It has been
proposed a four ring PCF with different dielectric constant and hole radius 0.42a, lattice
constant = 1 for all the graph. In Fig 4.4 with hole radius=0.42a, & dielectric constant (g) 12
provides maximum field energy in the largest possible defect radius 0.70a in which the field
energy varies from 0% to 99%. For hole radius=0.42a and dielectric constant 7.84 low field
energy in core radius have been achieved.

For small D, we obtain fundamental-like fields patterns as in Fig. 4.5(a), whereas for larger D
we obtain more complicated field patterns that are, however, better confined in the solid core
as in Fig. 4.5(c). For a given mode with strong solid-core confinement, we then chose D to
maximize the fraction of the electric-field energy (¢ |E|2) in the core. This is desirable in
solid-core fiber applications to reduce absorption loss from the cladding and increase light-
gas interactions [1]. The field profile is still strongly confined at a non-zero axial wave vector
(B a/2m = 1.99), as shown by the inset.

[+[][«]
o P

Figure: 4.5 Defect modes for a triangular lattice of cylindrical-shaped holes with periodicity a obtained by
varying inscribed defect diameter of a cylindrical-shaped solid core: a) D = 0.50a) b) D = 1.40a c¢) D = 2.00a
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4.2.2 Variation of Fraction of Electromagnetic Energy versus Radius of

Core Defect at Different Dielectric Constant:

Fig. 4.6 shows the variations of electromagnetic energy of PCF with the radius of core defect
(r) for various values of dielectric constant (¢) at lattice constant (a) = 0.9. It can be
concluded that electromagnetic energy increases as Radius of core defect (r) increases as a
whole. For high values of, radius of core defect periodicity effect doesn’t support its function,

as fluctuations can be observed for core radius values is 0.1a to 0.4a.
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Figure: 4.6 The fraction of electromagnetic field energy localized inside the core-defect. The defect radius is
varied between 0.20a and 0.90a. The size of super-cell is 4 x 4 of the unit cell and holes radius 0.42a, a = 0.9.

4.3 PCF with Low Group Velocity

Photonic-crystal holey fibers have been of very interest for a variety of different applications,
Researchers have also studied photonic-crystal fiber-like geometries with high index contrast
materials (e.g. chalcogenide dielectric constant ~ 7.84) and shown that they support
interesting low group-velocity modes but to our knowledge such modes have not been
described for fibers made of easily drawable materials. In this work, we demonstrate the
possibility of obtaining low group velocity modes in uniform fiber geometries using silicon
(constant ~ 12), which have proven to drawn microstructure fibers. Holey fibers, formed by

a lattice of air holes in the fiber cross section, are best known for supporting “finger-like”
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band gaps opening towards the high-frequency regime. In the first step, we have designed a
PCF as shown in Fig. 4.3. This PCF comprises 4 air hole rings, embedded in pure silicon
with a dielectric constant of 12. The radius of the holes in the all inner rings is chosen to be
0.42a. The lattice structure of the cladding in this PCF is square and the spacing between the
centers of adjacent holes is 1. In solid core PCF, the holes closer to the core have a stronger
impact on dispersion. A lower ratio of diameter in the cladding reduces the dispersion and its
slope, therefore in this design the holes of the inner rings are chosen to be smaller. On the
other hand, increasing the diameter results in reduction of the dispersion, hence the choice of
larger diameter for the holes in outer rings. By omitting the holes in the six corners of
cladding in the structure, PCF will have even less dispersion.

One 2d photonic crystal structure that is well known to have a complete gap for sufficiently
large index contrast is a triangular lattice (period a) of cylindrical air holes (radius r) in
dielectric similar to the geometry of many fabricated holey fibers. This geometry with r =
0.42a turns out to have a small gap at B = O for a dielectric constant of 12. We also
considered a slightly modified 2d photonic crystal consisting of a triangular lattice of
dielectric rods in air connected by thin veins (resembling cylindrical-shaped holes). The gap
in this structure persisted for dielectric contrasts as 12:1. The Maxwell Eigen problem was
solved with an iterative (conjugate gradient) method in a plane wave basis. The resulting
band diagrams, that extends over a range of nonzero 3 [1].
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Figure: 4.7 Normalized group velocity obtained by varying the wavelength for different dielectric
constant in a photonic crystal fiber.
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Figure: 4.8 Solid-core guided mode in gap with insets showing electric-field Ez and group velocity (vg),
(blue/white/red = negative/zero/positive).

One source of loss is the material absorption in the cladding. For a guided mode in the
hollow core, this absorption loss is suppressed by a feature of fc/vgn, where f is the fraction
of the electric-field energy in the cladding, vg is the group velocity, and n is the cladding
refractive index. For the mode at f a/2x = 0.176, where vg = 0.19c and f =0.03, the
absorption loss of the mode is therefore 0.157dB/m, which is sufficient for short-distance

fiber devices.

4.4 Variation in Group Index (ng) versus Frequency at Different Material:

Fig.4.10 shows the effective group index versus frequency at various values of dielectric
constant on taking photonic crystal fiber parameters, is diameter of air-holes 0.42a, N=4x4. It
is noticed that on increasing the value of frequency from 0.5 to 0.9, the group index curve
attain flatness. At 7.84 of dielectric constant the curve shows great variation in group index
in range of frequency 0.1 to 0.4. Whereas it is observed that group index has a flat curve for a

dielectric constant of 12.
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Figure: 4.9 group index ng vs. frequency for different values of dielectric constant. Photonic crystal fiber
parameter size of the super-cell is 4 x 4 of the unit cell and holes radius 0.42a.

4.5 Effect on Dispersion by Various Parameters:
4.5.1 Variation of Dispersion versus Diameter of Air Holes for Different

Values of Hole Dielectric Constant:
Fig. 4.11 shows variations in group velocity dispersion with diameter of solid core holes for

different values of dielectric constant.
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Fig: 4.10 Effect of radius of core defect (r) on the Dispersion at different values of dielectric constant (g), N=4.
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It can be seen that group velocity dispersion becomes near zero and negative initially with
increasing hole radius. With further increase in the value of r, it attains a maximum value in
positive direction and increases in positive direction afterwards. The optimized value

obtained for group velocity dispersion is 0.0358ps/km/nm at r=0.70a, dielectric constant=12.

4.5.2 Variation of dispersion versus wavelength (A) for various values of

dielectric constant (€) of the core:

In addition, different glasses (dielectric constant) can also be exploited, since in this way both
Group velocity and group velocity dispersion can be tailored. Fig 4.12 presents a comparison
between three PCFs for identical geometric parameters, 4 layers, r=0.42a (a is lattice
constant) but with different materials: (¢=2.1), (¢=7.84) and (¢=12). It can be seen from that
negative dispersion increases as wavelength increases for different values of dielectric
constant. Although we get largest negative value of dispersion at e=12 beyond A=2.6um point
but dispersion is constantly flat at large wavelength for e=2.1. As we change the dielectric
constant (g) the negative peak is shifted towards the longer wavelength and optical
communication is dealing near the A=1.55um, hence choice of selecting =12 for this thesis

was quiet obvious.
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Figure: 4.11 Variation of wavelength (L) on dispersion at various values of dielectric constant (g), N=4,

r=0.42a (a is lattice constant).
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Dielectric | fraction of Group
constant of | electro- Group Group | velocity
. material (¢) | magnetic | velocity index | dispersion Wavelength
Profile -
field (vg) (ng) (ps/nm/km) | Range(um)
energy
1. 12 99% 0.19c¢ 5.092 -0.3420 to 1.15t0 2.55
(silicon) -1.1324
2. 7.84 99% 0.22c 4,381 -0.2688 to 1.00to0 2.12
(chalcogenide -0.35366
glasses)
3. 2.1 98% 0.38c 2.588 -0.9875 to 0.59 to0 1.00
(silica) -0.5376

Table: 4.1 Showing various PCF profiles with Number of layers (n) = 4, hole radius 0.42a, core defect radius

0.70a (a is Lattice constant).

The optimized PCFs have been designed by taking into account the effects provided by the
increase of dielectric constant step and the suitable choice of PCF design parameters (number
of air holes rings, hole sizes and inter-hole spacing) and all the calculated profiles have been
depicted in Table 1. It has been proposed a four ring PCF with hole radius 0.42a and defect
core radius 0.70a for all the profiles. Profile no.1 provides maximum dispersion in the largest
possible wavelength window of 1.15 to 2.25um, in which the dispersion varies from -0.3420
to -1.1324 ps/nm/km, providing a group velocity 0.19¢ at e=12. For profile 2 with e= 7.84 low
ultra-flattened group velocity dispersion in a range -0.2688 to -0.35366 ps/nm/km with group
velocity 0.22c has been achieved within the wavelength range of 1.00um to 2.12um. Largest
negative ultra-flattened dispersion ranging from -0.9875 to -0.5376 ps/nm/km has been
achieved with profile 3 for which group velocity touching the value of 38c. Thus a tradeoff
has been done between low dispersion value and large wavelength range. Hence profile 1
provided the most suitable results with low dispersion & low group velocity with respect to
profile 2 and large wavelength window compared to profile 3.
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CHAPTER 5

CONCLUSIONS

This thesis targets at the design and simulation of solid-core photonic band gap fibers with
large electric field distribution, low group velocity and low group velocity dispersion. A
detailed numerical study on the impact of core geometry on the transmission performance of
realistic solid-core fibers designs was carried out. Cladding absorption loss values are also
calculated to analyze the structure more accurately.

An easy-to-implement design of PCF with small group velocity and a small dispersion slope
has been proposed. The dispersion properties of PCF has been tailored with simple structural
variations in PCF such as dielectric constant, number of air holes rings, holes sizes and inter-
hole spacing and all the calculated profiles have been depicted in Table 1. Four ring PCF
with holes radius 0.42a and radius of core defect 0.70a (a is lattice constant) for all the
profiles has been proposed. Profile numberl with £=12, provides maximum electric field
distribution and low group velocity dispersion in the largest possible wavelength window of
1.15 to 2.55um, in which the dispersion varies from -0.3420 to —1.1324 ps/nm/km, providing
a group velocity 0.19c. For profile 2 with £=7.84, flattened group velocity dispersion in a
range of -0.2688 to -0.3536 ps/nm/km and group velocity 0.22c have been achieved within
the wavelength range of 1.00 to 2.12um. Largest negative group velocity dispersion ranging
from -0.9875 to -0.5376 ps/nm/km has been achieved with profile 3, for which group
velocity touched the value of 0.38c within the minimum wavelength window of 0.59 to
1.00um. Hence profile 1 provided the most suitable results with low dispersion & low group
velocity with respect to profile 2 and large wavelength window as compared to profile 3.
Cladding loss is made to remain below 0.157dB/m for the proposed design.

The proposed design is easy to implement because of the simplicity of structural variation of
PCF and it can be used to compensate dispersion and low group velocity in the long-haul

optical fiber links and for gas sensor applications.
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