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Characterization of Photonic Crystal Fiber and
Metamaterial: Theory and Experiment

Recent developments in optical technologies are being shifted towards nano-scale devices
of sub-wavelength dimensions. In these emerging technologies photons are being
manipulated and controlled using devices having unit cells with a dimension in wavelength
range or even with a dimension smaller than wavelength. Photonic crystal and
Metamaterials are the prime focus area of research in photonics in the past few years with
the number of publications and patents increasing exponentially. Photonic crystals are
patterned materials with a well defined periodicity in dielectric constant. Photonic Crystal
Fibers (PCFs) are one of the most important applications of photonic crystal materials.
PCF is an optical fibers made up of single material with an arrangement of periodic air
holes across the cross-section running down its entire length. PCF has the ability to confine
light with the confinement characteristics, not possible in conventional optical fiber due to

its high degree of design flexibility.

Metamaterials are the specially designed structures having negative permittivity and
permeability simultaneously at the same operating frequency for which the electromagnetic
wave shows anomalous behaviour, i.e. phase and group velocity would be in opposite
direction. Metamaterials provide precise control over the flow of electromagnetic waves.

It is now the critical phase of their development as they move fast from the realm of
fundamental studies to the manufacturing of photonic devices and commercial deployment
in optical communication network. For the extraction of optimum performance of any
designed structure it is the important to characterize it in terms of its waveguiding,

geometrical and transmission parameters.

In this thesis first the characterization of Endlessly Single Mode (ESM) PCF from its Far
Field intensity measurements has been explored. The characterization results are verified
and supported with experimental as well as simulation results. From the experimental

measurements of the far field intensity pattern, we obtained the transmission characteristics



of ESM PCF in terms of V-number, effective refractive index of the cladding, radius of the
core, numerical aperture, etc. The experimental values of the waveguiding and geometrical
parameters are found to be in agreement with the simulation results obtained using
Improved Effective Index Method (IEIM) and Scanning Electron Microscope (SEM) data.
Further, characterization of a specially designed Polarization Maintaining (PM) PCF has
explored using Far Field intensity distribution pattern. It is observed that the waveguiding
and geometrical parameters obtained from the far field measurement of PM PCF match
with the manufacturer/simulation/SEM data within the experimental limits. Thus, this
characterization method provides a useful tool for online characterization of PM PCF.
Next, a V-shaped SRR metamaterial has been fabricated and characterized. The fabricated
structure has shown a unique property of angular-gap-dependent tuneable negative
refractive index (NRI) characteristics. The unique property of this structure is that by
varying the angular gap between its arms, the capacitance (C) for the structure can be
changed, and hence there can be a great control over the NRI. It is experimentally and
computationally investigated the interdependence of the capacitance (C) and inductance
(L) of the structure, and it is observed that by changing the angular gap of V-shaped SRRs,

it is possible to control/tune their NRI at the corresponding resonance wavelength.

After the tunable metamaterial structure next is to design of a split ring resonance (SRR)
based planar metamaterial to achieve the negative refraction in optical communication
window. A “I” shaped split ring resonator (SRR) metamaterial designed has been explored.
This metamaterial design is showing negative refraction in the optical communication
window around wavelength of 1.5 um. Further the structure is characterized using finite
differential time domain (FDTD) method in terms of its propagation characteristics. All the
key electromagnetic parameters i.e. such as permittivity (g), permeability (u), refractive
index (n) etc have been obtained from the simulation data obtained for propagation
characteristics for the structure. The electromagnetic parameters (such as permittivity ()
and permeability (i) as well as the refractive index for the reported structure are negative

in broad optical communication window of 1.4um to 1.6pum.
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“Characterization of Photonic Crystal Fibers and Metamaterials: Theory and
Experiments” --- Kamal Kishor

CHAPTER 1

Introduction

1.1 Introduction

Today, due to rapidly changing nano-fabrication limit and sub-wavelength imaging
technology, everyday various new design and structure is developed in the world of
photonic devices. For the assessment of optimum performance for any newly
designed structure and device it is the important to characterize it in terms of its
waveguiding, geometrical and transmission parameters with accuracy. In view of
increasing demand of characterization of new photonics devices, the present thesis
mainly focused on “characterization of Photonic Crystal Fibers and Metamaterials:
Theory and Experiments”.

Optical fibers have evolved into many forms since the introduction of conventional
step index fibers in the 1970s [1-2]. Optical fibers have a very wide range of
applications, e.g. waveguide, medical endoscopy, optical communication, fiber
amplifier (generate and amplify laser light), temperature and stress sensor [3-5]. The
wide application of optical fiber leads to design of application specific fiber. In the
recent past many new types of application specific optical fiber [6-9] is designed
which also created a demand to develop the characterization techniques for these

newly designed fibers.

1.2 Photonic Crystal Fibers (PCF)

Photonic Crystal Fibers (PCF) is a new variant of the micro structured optical fibers.
PCFs are single material optical fiber with a cladding having microstructure air hole
running down its entire length [10-20]. All remarkable properties of PCFs come from
the wavelength dependence of cladding refractive index [21]. PCFs have versatile
applications in optical communications ranging from nonlinear optical signal

processing to high power fiber amplifiers [22-30].
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1.2.1 Endlessly Single Mode (ESM) PCF

The most important properties of PCFs for telecommunication is that it can be, under
certain circumstances become endlessly single mode operation over a wide range of
wavelength. V-parameter must be less than 2.405 for the optical fiber to be single
mode [13, 15-17]. Thus single-mode fibers for one operating wavelength are in fact
act as multi-mode for the signal of other sufficiently short wavelength. The wide
single-mode operating range of the photonic crystal fiber is explained by considering
the effective refractive index of the cladding. The field in case of shorter wavelengths
is more concentrated in the silica (core) regions and less penetrates to the holey
(cladding) region. This results in raising the effective cladding index. On the other
hand, the field in case of higher wavelengths have more penetration to the holey
(cladding) region. This results in lowering the effective cladding index of the same
PCFs. In this way, different operating wavelengths experience different effective
index for the same PCF. So the change in refractive index contrast for the same fiber
with the change in operating wavelength helps to keep V-parameter almost constant
for a PCF over a wide range of wavelengths. Figure 1.1 showing the Scanning

Electron Microscope (SEM) images of the cross section of a ESM-PCF.

30 0um J| DTU_S3700 15.0kV 11.9mm x450 SE

Figure 1.1: Scanning Electron Microscope images of the cross section of a PCF
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1.2.2 Polarization maintaining PCF

In high bit rate optical fiber communication systems Polarization Maintaining Fibers
(PMFs) are required to eliminate the polarization mode dispersion (PMD). It is
important to create birefringence within a PMF to transmit the stable state of
polarization. The circular symmetry in an optical fiber is broken using birefringence
breaks, either by forming a non-circular fiber core (shape induced birefringence), or
by inducing constant stresses within the fiber (stress induced birefringence) with
stress applying parts (SAP) [10, 15, 31]. PMF has two principal transmission axes
within the core of the fiber, called as the fast and slow axes of the fiber as per the
effective refractive index experienced by the propagating modes. PMFs have been
extensively applied in coherent optical communication systems and in polarization

sensitive experiments.

The development of photonic crystal fiber, given a way to design highly birefringent
fiber as birefringence can be easily tailored and enhanced in polarization maintaining
(PM) PCF. Using two different air hole diameters along two orthogonal axes near the
core region of the PCF, an extraordinary PM PCF has been fabricated. The
transmission characteristics of this PM PCF exhibit very high birefringence in the
order of 107; due to high cladding effective index contrast between two orthogonal
polarization modes [32-34]. Figure 1.2 showing the Scanning Electron Microscope

(SEM) images of the cross section of this special PM-PCF
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Figure 1.2: Scanning Electron Microscope images of the cross section of PM-PCF
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1.3 Metamaterials

The name Metamaterials is coined from Greek meaning “materials beyond the
conventional materials found in nature”. The refractive index n of any material is
determined by equation n = +v/(g.p,). All naturally found optical materials have
positive electric permittivity € and magnetic permeability p and by convention the
positive value of n is taken in account. In nature, there are some materials e.g. silver
and gold have negative electric permittivity at shorter wavelengths but positive
magnetic permeability at that wavelength, and making them often opaque to the
electromagnetic radiation for that wavelength. In case of artificially designed
metamaterial, both electric permittivity and magnetic permeability is negative, which
results n real and under this situation negative square root for n is taken into account
(negative refractive index) [35-37]. Figure 1.3 shows the classification of materials
and their electromagnetic parameters.

Due to the amazing electromagnetic properties of negative refractive index
Metamaterials emerged as an important technological and scientific advancement for
every aspect of life e.g. lens, antenna, telecommunication, radars, imaging and many
more [38-51]. The Electromagnetic wave shows anomalous behaviour (flow of energy
in a direction opposite to that of wave propagation) i.e. phase and group velocity are
in opposite direction [35].

After the rapidly-developing Nano-fabrication and sub-wavelength techniques,
different types of metamaterial structures (such as square, Q- shaped, circular, U-
shaped, S-shaped, asymmetric-rings and asymmetric-rings) is designed for different

applications purpose [52-58].
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Plasma and fine
Wire Structures

Conventional
Material

No Transmission

Microstructured
magnets and
split rings

Metamaterials

No Transmission

Figure 1.3: Classification of materials

1.4 Instruments and Experimental set-up used

1.4.1 Experimental set-up for the characterization of PCKFs

The experimental setup for the characterization of PCFs consists of a He-Ne laser
with wavelength 633 nm, microscopic lens, fiber chuck and holders, Polarizer sheet
(to find the polarization axes of laser), Silicon photo-detector (818-SL/Newport) with
digital display and 10 m long PCF samples. Both the ends of the sample PCF are
properly stripped and cleaved to minimize the reflection losses. Fiber output end is
mounted on a calibrated circular mount fitted with a photo detector such that the fiber
end is at the centre of the circle and when we rotate the circular mount photo detector

records the far field at the circumference of the circle. Figure 1.4 shows the schematic
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diagram of experimental setup to record the far field intensity pattern of PCF for its

characterization.

X,Y,Z manipulator PC

Laser
Camera

Optical bench

Figure 1.4: Schematic diagram of experimental setup for the characterization of PCFs

For the measurement of the physical parameters like core diameter, hole radius and
pitch etc. of the PCFs, Hitachi S-3700N Scanning Electron Microscope (SEM) is

used, shown in figure 1.5

Figure 1.5: Hitachi S-3700N Scanning Electron Microscope (SEM)
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1.4.2 Experimental set-up for the characterization of Metamaterials

The fabrication of metamaterial done in this thesis work has are three steps. The
fabrication starts from a flat cleaved and chemically cleaned wafer. After that to form
a unique film on the substrate a resist is spun on the n-doped silicon substrate.

In next step, using Electron Beam Lithography (EBL) the patterning process had been
done to define the desired structures on the resist. EBL has been chosen as the
common photo lithography has many limitations to provide the desired resolution in
such a required nanoscale level fabrication and EBL also does not require any
additional masks. Figure 1.6 shows Vistec VB6 UHR EWF electron beam lithography
facility present at James Watt Nanofabrication Centre, University of Glasgow, used in

the thesis work.

Figure 1.6: Vistec VB6 UHR EWF Electron Beam Lithography

Two main limitations for EBL system, namely scattering and proximity effect is
avoided to the best extent possible. Scattering effect which leads to a much larger
exposure area than defined exposure area is controlled by applying a higher
acceleration voltage.

The proximity effect results in reducing its contrast i.e. each unit of metamaterial are

not completely isolated as electrons of the exposure of an adjacent region spill over
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into the next exposure feature. Proximity effect is controlled by calculating the
exposure function on the resist.

In the third step, to transfer the patterns from the resist to the substrate the metal lift
off techniques is used. A thin layer of titanium is used due to its good sticking

property as gold layer does not stick properly on silicon substrate.

After the fabrication process of different samples, their reflectance measurements
were done using a Nicolet continuum Fourier transform infrared (FTIR) spectroscope
fitted with a case grain objective of 10x magnifications and an NA of 0.25. The
measurements were taken for both orthogonal linear polarizations of the incident light
(TE and TM polarization) and were then normalized with respect to the reflectivity of
a bare silicon substrate. All measurements were taken at normal incidence. Figure 1.7
shows Nicolet continuum Fourier Transform Infrared (FTIR) spectroscope, used in

the thesis work.

Figure 1.7: Nicolet continuum Fourier Transform Infrared (FTIR) spectroscope

10
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1.5 Analytical and Numerical Methods

In this thesis work mainly following analytical and numerical methods are used to

characterize the PCFs and Metamaterials.

1.5.1 Far-Field method

Far-Field measurement is also referred as the Fraunhofer region intensity
measurement. It is the region where the angular field distribution is essentially
independent of distance from the source. The far-field radiation pattern ¥(r, 6, ®) is
the inverse Fourier transform of the aperture or near fields. For a single mode fiber the
fundamental mode field can be accurately expressed by Gaussian function. The
Gaussian far-field intensity distribution of fibers has cylindrical symmetry and
depends only on the angle 6. The normalized (w.r.t. 6=0) far-field intensity
distribution I (0) [5, 59, 60] for the fundamental mode of fiber with normalized

radiation angle (o) is given as

1(0) = [yl
_ | UW RO
lW|* = (Uz_az)(wz_ﬂxz){]o(a) o, (@) UJI(U)}} for U #a
2= - uw Io(a)+137 for U=
] ) (U)){ (a)+ xm}] or U=a

Where, V? = U? + W?; o = kasin0 ;k = ZT[/A ; Aois the free-space wavelength
(0]

and ‘a’ 1s the radius of the core. Figure 1.7 shows the far field intensity distribution

pattern for a fiber with respect to a.

11
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Figure 1.8: Far- Field intensity pattern

It is noted that it is practically very difficult to measure the first minimum intensity
position accurately in far field intensity pattern. So, 0, (angles at which the intensity

drops to 10% of its maximum value) is taken as first minimum position [5, 59].

1.5.2 Improved Effective index Method
The Improved Effective index Method (IEIM) was developed by Park and Lee [61].

In IEIM the core radius (r¢) is not fixed but depend on pitch (A4) and air hole diameter
(d) of the PCF [62-64]. IEIM improves the result accuracy of the earlier used
effective index method. In IEIM the core radius is optimized using empirical formula

given as follows

T, d
< =c /{1+exp[(X—C3)/Cz]}

Where ¢; = 0.686064; C2=0.265366 and c3=1.291080;

The tolerance of this formula is 1e-6.

12
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1.5.3 Finite element method

Finite Element Method (FEM) is a better choice for the analysis of a structure which
has complicated boundary like PCFs where the boundary lacks smoothness and the
desired precision varies over the entire domain [65-66]. The FEM is a numerical
technique for calculating approximate solutions of boundary value problems for
partial differential equations. FEM divides the whole problem domain into
subdivision of different shape and sizes as per requirement e.g. triangles and
quadrilaterals [67-68]. This different-sized elements approach makes FEM best
mathematical tool for PCFs and to calculate expected mode field response. Also in
FEM, variational method is used to solve the problem which helps in minimizing an

associated error function.

1.5.4 Finite-Difference Time-Domain

Finite Difference Time Domain (FDTD) is a versatile time-domain based numerical
technique used for computing electrodynamics problems which require solutions over
a wide frequency range with a single simulation [69-71]. In FDTD technique far-field
radiation over a wide range of frequencies can be computed in a single simulation
when a broadband pulse is used as the source. This is main reason to use FDTD tool is
used in this thesis to determine the resonant frequencies for the fabricated structure.
The FDTD method is a grid-based differential method and it discretize the time-
dependent Maxwell's equations using central-difference approximations for the space
and time partial derivatives [72-73]. In Maxwell's equations the time derivative of E-
field depends on the change in the H-field across space. So in FDTD method the E
and H fields are calculated everywhere in the computational domain with the time
[74-75]. So, the results are updated by Iterating the either E-field or H-field with time.
It helps to understand that how the E and H field are interacting with the structure
over time.

The radiated far-field is calculated using near to far-field transformation as the FDTD

method calculate electromagnetic fields within a compact spatial region.

13
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1.6 Overview of the thesis

In this thesis work, the characterization of different types of Photonic Crystal Fibers
and specially designed polarization maintain PCF has been done theoretically as well
as experimentally. The geometrical and wave guiding parameters of the PCFs has
been calculated using far field intensity. Further, in this thesis the Design, fabrication
and characterization of metamaterial in terms of electromagnetic parameters (electric
permittivity ‘€’, magnetic permeability ‘u’, refractive index ‘n’ etc.) has been done.
Structure for exhibiting tunable negative refractive index has been fabricated,
analyzed and characterized. This thesis also includes the Design and characterization
of SRR Structure for Negative refraction in optical communication window around

1.55 pm.

The thesis is organized as follows:

Chapter 1 includes the importance of Photonic Crystal Fiber and
Metamaterials and the urgent need to develop the technique for the Characterization
of Photonic Crystal Fiber and Metamaterial. Detailed literature review on the
advances in area of Photonic Crystal Fiber and Metamaterial. This chapter also
includes the analytical techniques, numerical methods and the experimental
instruments/set-up used for the Characterization of Photonic Crystal Fibers and

Metamaterials.

Chapter 2 includes the characterization of different types of Endlessly Single
Mode Photonic Crystal Fibers (ESM PCFs) in terms of all the key parameters i.e. V-
Number, effective refractive index of the cladding, radius of the core and numerical
aperture using experimentally measured far-field intensity pattern. It has been shown
that the transmission characteristics of ESM-PCFs obtained experimentally match
with the simulation result calculated and also with the core diameter of PCF obtained

from scanning electron microscope (SEM) within the experimental limit.
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Chapter 3 includes the characterization of specially designed polarization
maintaining photonic crystal fiber (PM PCF) in terms of all the key parameters i.e.
mode field diameters (MFD), V-values along major and minor axes, mode field area,
birefringence, core radius, effective refractive index of cladding and numerical
apertures along major and minor axes of PM PCFs using experimentally measured
far-field intensity pattern. It is shown that the experimentally obtained geometrical
and wave guiding parameters of the PM PCF match with the
manufacturer/simulation/scanning electron microscope (SEM) data within the

experimental limits.

Chapter 4 describes design, fabrication and characterization of a V-shaped
split ring resonator (SRR) metamaterial and has shown that it is possible to tune a
negative refractive index by changing the angular gap of V-shaped SRR. The unique
property of this structure is that by varying the angular gap between its arms, one can
change the capacitance (C) for the structure, and hence can tune and control the
Negative Refractive Index (NRI). The experimental and computational investigation
of the interdependence of the capacitance (C) and inductance (L) of the structure has
been done, and it is observed that by changing the angular gap of V-shaped SRR, it is
possible to control/tune their NRI at the corresponding resonance wavelength.
Exploiting this important result for the extraordinary electromagnetic properties of the
reported structure, the reported structure will put a significant mark in the design and

development of Metamaterials based optical switch, tuneable devices, and sensors etc.

Chapter 5 focuses, a design of a split ring resonance (SRR) based planar
metamaterial to achieve the negative refraction in optical communication window.
The propagation characteristics in terms of reflection and transmission spectrum of
the reported structure are obtained using finite differential time domain (FDTD)
method. All the key electromagnetic parameters i.e. such as permittivity (g),
permeability (u), refractive index (n) etc have been obtained from the simulation
using propagation characteristics for the reported structure. It is observed and reported
that the electromagnetic parameters (such as permittivity (&) and permeability (i) as

well as the refractive index for the reported structure is negative in broad optical

15
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communication windows of 1.4um to 1.6pum. The reported structure provides a way
to build the device such as sensors, cloaking device etc. in the range of optical
frequency using the property of negative refraction within very small characteristic
size. This achievement opens the way to advance metamaterial technology in optical

frequency range for the design of nano-scale optical devices.

Chapter 6 includes chapter wise brief summary of the research work carried

out in the thesis and future scope of the research work carried out in the thesis.
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CHAPTER 2
Characterization of Endlessly Single Mode Photonic

Crystal Fibers'

2.1 INTRODUCTION

In chapter one, urgent need of characterization of photonic devices is detailed. In the
present chapter, characterization of Endlessly Single Mode (ESM) Photonic Crystal
Fibers (PCFs) is demonstrated. First theory for the characterization of ESM-PCF from
far field intensity measurements is developed. After that experimental measurement
of the far field intensity pattern is taken. The transmission characteristics of ESM PCF
in terms of V-number, effective refractive index of the cladding, radius of the core,
numerical aperture etc is measured from the far field intensity pattern. The
experimental values of the waveguiding and geometrical parameters are found to be in
agreement with the simulation results obtained using Improved Effective index
Method (IEIM) and Scanning Electron Microscope (SEM) data. This characterization
technique developed in this chapter is well supported with experimental as well as

simulation results.

2.2 Characterization of ESM PCFs from Far-Field: Theory

The geometrical and wave guiding parameters of ESM PCFs is obtained from the far
field intensity pattern measurements. Far-Field is the region where the angular field
distribution is essentially independent of distance from the source.

For ESM-PCFs the fundamental mode field can be accurately expressed by Gaussian
function. The far-field intensity distribution of ESM-PCFs has symmetry and depends
only on the angle 0. The normalized (w.r.t. 6=0) far-field intensity distribution I (0)
[5, 60, 76] for the fundamental mode of ESM-PCFs with normalized radiation angle

() is given as follow

! Part of the results reported in this chapter has been published in the paper- “Experimental Verification
of Improved Effective Index Method for Endlessly Single Mode Photonic Crystal Fiber”, Optics and
Laser in Engineering (Elsevier, Science Direct), vol. 50, pp. 182-186, 2012.
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1(0) = |2 = (Uz_;)(v\v,vzmz){Jo(a)-oal(a) é;(fu))ﬂ for U
i 2 2 :
1(6) = |y|* = (ZVZI;(YXII(U)){Jé(a)+]f(a)}] for U=a

Where, V? = U2+ W?; a = kasin® ;k = 2“/7\ ; Aois the free-space operating
(0]

wavelength and ‘a’ is the optimized core radius of ESM-PCFs. With the help of above
equations a universal curve (figure 2.1) for ESM-PCF is plotted, which is used for the

characterization of fiber from the far-field pattern measurement. Figure 2.1 shows the

variation in the ratio 0(10/ as, and aso with V parameter for ESM-PCFs.

1.25 1.78 2.28 2.78 3.28

Figure 2.1: Variation of the ratio “10/a5 0 (black) and a5, (red) with V parameter

It is noted that oy and a5, are the values of o = kasin® at corresponding angles at
which the intensity dropped to 10% and 50% of its maximum value (at 6=0) in the far
field intensity pattern. The first minimum intensity position is measured at
0, because it is practically very difficult to measure the first minimum intensity

position accurately in far field intensity pattern [5, 59].

2.3Characterization of ESM-PCFs from far-field: Experiment

The experimental setup for the characterization of ESM-PCFs require a He-Ne laser

with wavelength 633nm, Polarizer sheet (to find the polarization axes of laser),

20



“Characterization of Photonic Crystal Fibers and Metamaterials: Theory and
Experiments” --- Kamal Kishor

sample fibers, fiber chuck and holders, microscopic lens, Silicon photo-detector (818-
SL/Newport) with digital display. In this thesis work three samples of ESM-PCFs
(ESM-12-01, LMA-10, and LMA-15) obtained from Crystal Fiber, Denmark is used
for experiment. Figure 2.2 shows the SEM images of the ESM-PCFs taken for

characterization verification.

551um B\

DTU_S3700 15.0kV 15.7mm x4.50k SE s " 10.0um
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Figure 2.2: Scanning Electron Microscope images of the cross section of PCFs used;
(a) ESM-12-01; (b) LMA-10; (c) LMA-15
To minimize the reflection losses at ends of ESM PCFs, ends are properly and
carefully stripped and cleaved. Silicon photo-detector (818-SL/Newport) is mounted
on a calibrated circular mount at the circumference of the circular mount. Fiber output
end is also fitted on the calibrated circular mount such that the fiber end is at the
center of the circle. The least count of the calibrated circular mount was 0.1 degree
(6°). So, when circular mount is rotated angularly, photo-detector records the far field
intensity pattern. The sketch diagram for experimental set to record the far field
intensity pattern of ESM PCFs is shown below in figure 2.3 while figure 2.4 shows

the real time experimental set up.

l\

Figure 2.3: Sketch of Experimental arrangement for far field measurement
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Figure 2.4: Real Time experimental arrangement; Far-Field pattern (inset)

The far-field radiation patterns of fundamental mode for all the PCFs are recorded at
output end of the fibers. Figure 2.5 shows the curve of measured far field radiation

pattern of the three PCFs used.
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Figure 2.5: Measured far field intensity distribution of PCFs;
(a) ESM-12-01; (b) LMA-10; (c) LMA-15

From the measured far field intensity pattern shown in above figure, the
corresponding angles 0,9 and 059 at which the intensity drops to 10% and 50% of its
maximum value (at 6=0°) is obtained for the corresponding three ESM-PCFs. Thereby

ratio sinB,,/sinBs, is calculated. Using the universal graph (Figure 2.1), the V value
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is obtained corresponding to experimental values of sin6,,/sin0s, for each fiber. For
the respective V parameter the corresponding asq(= k,asinfs,) is calculated from
the right hand ordinate of the universal graph (Figure 2.1). Since 05, was already
known, the core radius is calculated with the value of a5, at the known operating

wavelength (633nm). Since V parameter and core dimension is obtained, the

corresponding numerical aperture (y/n;2 —n,?) is calculated for each ESM PCF.
Further, using refractive-index of core(n; = 1.457) at 633nm [77] obtained from
Sellemier formula, effective refractive index of cladding (n, = n.4q) is calculated

using the value of numerical aperture.

2.4 Characterization Results and Discussion

The core radius is obtained by universal graph (Figure 2.1) and these values are
verified with the SEM measurement and are found to be in agreement with each other
for the three different sample of ESM PCF.

The V-parameters for each fiber is obtained from the universal graph (Figure 2.1),
using the experimental value of corresponding sin6,,/sinBs, and is verified with

the values calculated from IEIM.

The numerical aperture (m) is calculated using the above obtained values of
V-parameters for respective fibers and corresponding core radius and are verified with
the calculated by IEIM and.

The calculated effective refractive index of cladding for each ESM PCF and the
numerical aperture and are verified with the results obtained from IEIM.

The Experimental characterization results obtained for the geometrical and
waveguiding parameters of ESM PCFs are found to be in good agreement with the
results obtained using improved effective index method (IEIM) and scanning electron
microscope (SEM) data. The experimental and simulation results obtained for
characterization of ESM-PCFs have been compared and tabulated in table 2.1. The
small variation the experimental results and the simulation results are due to

experimental error in the measurement of angles 0, and 0s.
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Table 2.1: Geometrical and waveguiding parameters of each PCFs obtained from IEIM,

SEM and Experimental results obtained from far field measurements.

IEIM(a)/ Measured from SEM (b) Experimental Results
V-parameter ESM-12-01 2.8268 (a) 2.725 + 0.06
LMA-10 2.9540 (a) 2.701 + 0.05
LMA-15 2.9703 (a) 2.775 = 0.05
Core Diameter ESM-12-01 7.18 (b) 7.01 £ 0.05
(micrometer) LMA-10 8.95 (b) 8.62 £ 0.04
LMA-15 13.84 (b) 13.59 + 0.04
Numerical ESM-12-01 0.055972 (a) 0.038829 + 0.001100
Aperture LMA-10 0.074013 (a) 0.063246 + 0.001400
LMA-15 0.048275 (a) 0.041360 + 0.000800
Effective
Refractive index ESM-12-01 1.4560 (a) 1.45648 + 0.04100
of cladding LMA-10 1.4552 (a) 1.45562 + 0.03200
(Mciqa) LMA-15 1.4562 (a) 1.45641 + 0.02800

2.5 Conclusion

It is observed that the transmission characteristics i.e. core diameter, V-parameter,
Effective refractive index of cladding and numerical aperture obtained from far field
measurement match with the SEM data and simulation results using IEIM within the
experimental limits. Thus, characterization of ESM-PCFs from its far field radiation
pattern measurement provides a useful tool for online characterization of ESM PCFs.
It is expected that this method will serve as standard technique to characterize ESM
PCFs and will also be useful to design and develop application specific ESM PCFs in

optical communication systems.
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CHAPTER 3
Characterization of specially designed Polarization

Maintaining Photonic Crystal Fiber’

3.1 INTRODUCTION

In chapter two, characterization of ESM PCFs from its far field radiation pattern is
expounded. After the successful development of characterization technique for ESM-
PCFs from its far field radiation pattern measurement now its turn to develop the
characterization technique for application specific PCFs. In the present chapter, the
theory and experimental characterization technique for a specially designed
Polarization Maintaining (PM) PCF from its far filed intensity measurements is
developed and described. Transmission characteristics of the sample PM PCF
depends on the geometrical (core radius of major and minor axes of PM PCFs, air
hole diameters, etc.) and waveguiding (e.g., Mode Field Diameter (MFD), cladding
effective refractive index, V-values along major and minor axes and birefringence
etc.) parameters of PM PCF. Therefore the knowledge of these waveguiding and
geometrical parameters are required to assess the performance and transmission
characteristics of PM PCFs. In the present chapter, first the theory for the
characterization of sample PM PCF from far field intensity measurements is
developed and discussed. After that from the experimental measurements of the far-
field intensity pattern, all the transmission characteristics parameters of PM-PCF in
terms of Mode Field Diameter (MFD), cladding effective refractive index and V-
values along major and minor axis, Mode Field Area, Birefringence, Core radius &
Numerical Apertures of major and minor axis of PM PCFs are calculated. The
experimental measured values of geometrical and waveguiding parameters are found
to be in agreement with the simulation, Scanning Electron Microscope (SEM) and

manufacturer data for this PM-PCF.

* Part of the results reported in this chapter has been published in the paper- “Characterization of
specially designed Polarization Maintaining Photonic Crystal Fiber from far field radiation patterns”,
Optics Communications (Elsevier, Science Direct), vol. 283, pp. 5007-5011, 2010.
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Crystal Fiber

3.2 Characterization of PM PCFs from Far-Field: Theory

In this chapter the far field intensity measurements is used for the estimation of

waveguiding and geometrical parameters of PM-PCF. Recently a special PM PCF

have been fabricated using two different air hole diameters along two orthogonal axes

near the core region, which provides an effective index difference between two

orthogonal polarization modes and their transmission characteristics exhibiting high

birefringence in the order of 107> [78-81]. Figure 3.1 shows the SEM image of the

sample PM-PCF.
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Figure 3.1: SEM image of the sample PM-PCF

The cross sectional views of the spot size of the sample PM-PCF is found to be

elliptical in its near and far field regime and hence it is considered as an elliptical core

fiber. Figure 3.2 shows the Far field pattern of PM-PCF.
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Figure 3.2: Far field pattern of PM-PCF

The elliptical cross section of PM PCF is accurately approximated to an equivalent
Rectangular Core Waveguide (RCW) having the same aspect ratio, core areas and
core-cladding refractive index difference [82-83]. Figure 3.3 depicts the
approximation of transverse cross section of elliptical core with its equivalent pseudo

same rectangular core waveguide having same refractive index profile.

Figure 3.3: Transverse cross section of elliptical core with its equivalent pseudo
rectangular core waveguide
The above approximation helped in deriving the far field intensity expression for the
PM PCF from rectangular waveguide far field distribution.

Refractive Index Profile of elliptical core can be given by following equations [82]
2 2
n?(x,y) = n;%, for (:—2 + Z—z) < 1.0

2 2
n?(x,y) = n,?, for (X—2+y—2) > 1.0
a b
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Further, approximated pseudo rectangular core waveguide have following refractive

index distribution:

n?(xy) = n’’(x) + n"(y) — n,?

Where,
n'(x) =n; for |x|<a and, n'(y)=n, for |y|]<b
=n, for |x|>a =n, for |y|>Db

Where, a/a = b/b’ = \/m/2 , as Area of ellipse (nra'b") =Area of rectangle (4ab).
For a symmetric slab waveguide (i.e. X —polarized and Y-Polarized cross section) the
normalized (with respect to 6=0) far-field intensity distribution for the fundamental

TE mode is given by following equations [84]

— L2 — I U'w? o cosU 2
18) = |y|* = (Uz-az)(Wz-i-az){COS(a) asin(a) Tenl }] for U #a
e I U?W? s s sin 2« 2 _
1(0) = |y]* = (ZVz)(Usin(U)) {cos (o) +sin’(a) + o }] for U=a

Where, V2 = U? + W?; a = kasin0;k = 2“/)\ ; Aois the free-space operating
(0]

wavelength and ‘a’ is the half-thickness of the core along the respective axes. The TE
mode of the far field intensity is being used as the transcendental equation, as unlike
TM modes, propagation does not depend on refractive indices directly for TE mode
[5, 84]. The universal curve for far field radiation pattern of the slab waveguides is
plotted using the above equations and the plotted universal curve is used for

characterization of PM PCF. Figure 3.4 shows the variation in the ratio alo/aso and

aso with V parameter for slab waveguides.
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Figure 3.4: Variation in the ratio “10/ a5, and asg with V parameter.

It is noted that oy and a5, are the values of o = kasin® at corresponding angles at
which the intensity dropped to 10% and 50% of its maximum value (at 6=0) in the far
field intensity pattern. The first minimum intensity position is measured at
0,9 because it is practically very difficult to measure the first minimum intensity

position accurately in far field intensity pattern [5].

3.3 Characterization of PM-PCFs from far-field: Experiment

The experimental setup for the characterization of PM-PCFs require a He-Ne laser
with wavelength 633nm, Polarizer sheet (to find the polarization axes of laser as well
as polarization of the output light from PM-PCF), sample PM PCF, fiber chuck and
holders, microscopic lens, Silicon photo-detector (818-SL/Newport) with digital
display.

To minimize the reflection losses at ends of PM PCF, ends are properly and carefully
stripped and cleaved. The polarization axis of laser and fiber input-out ends has been
found using the polarizer sheet. Silicon photo-detector (818-SL/Newport) is mounted
on a calibrated circular mount at the circumference of the circular mount. Fiber output
end is also fitted on the calibrated circular mount such that the fiber end is at the

center of the circle. The least count of the calibrated circular mount was 0.1 degree
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(6°). The Schematic diagram for experimental set to record the far field intensity
pattern of PM PCF is shown in Figure 3.5 while the real time set up of the experiment

is shown in Figure 3.6.

Figure3.5: Line sketch of far- field intensity pattern

Figure 3.6: Real-time Experimental arrangement for far field measurement
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The TE mode has been excited in the fiber and its far-field intensity pattern at output

end is recorded with the help of photo detector by rotating the circular mount.
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Figure 3.7: Measured far field intensity distribution along major axis.
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Figure 3.8: Measured far field intensity distribution along minor axis
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The above measured far-field intensity variation shown in figure 3.7 and 3.8
corresponds to the far-field radiation pattern of fundamental TE mode of the PM-PCF
along major and minor axis respectively. From the above plotted curves the 0y and
0s0; the angles at which the intensity has dropped to 10% and 50% of its maximum
value (at 6=0) is obtained along the corresponding axes. Using these results the ratio

sinB,,/sinbg is calculated along both the axes and are shown in table 3.1

Table 3.1: Scanning data along the major & minor axis of the far-field

Fi Far- fiel -
lgure ( ar- e d) 910 05() 0(10 /as():sin 6, /sin by, 0650 ~kyasin b,

Scanning
IO 5.5° 3° 1.8313 1.198

<4—» Polarization

Polarization IO 8° 4.25° 1.87796 1.068

<4— Scanning

Corresponding to experimental values of sinf;,/sinfs, along both axes the V values
are obtained from the universal graph for the slab waveguide. For the respective V
numbers the corresponding oso(= kyasinfsg) is calculated from the right hand
ordinate of the universal graph. The core radius along the respective axes is calculated
from the value of a5, as 05 and the operating wavelength was already known. Thus,
by measuring far field intensity angles at which the intensity has dropped to 10% and
50% of its maximum value, the core-radius for the pseudo rectangular waveguide are
calculated. From this data, the core dimension of the elliptical core of this PM PCF
has been calculated using aspect ratio for pseudo rectangular waveguide and elliptical
PM-PCF ie.,a/a = b/b = /n/2.

Since V parameter and core dimension is obtained, the corresponding numerical
aperture (\m) is calculated along both the axes. Further, using refractive-
index of core(n; = 1.457) at 633nm obtained from Sellemier formula, effective
refractive index of cladding (n, = ng,q) is calculated using the value of numerical
aperture.

Once the effective refractive index of cladding (n, = ng,q) is calculated, the
effective refractive index of the guided mode( ng) along the two orthogonal axes of

PM-PCEF is calculated with the simulation using the R-Soft. After the knowledge of

36



“Characterization of Photonic Crystal Fibers and Metamaterials: Theory and
Experiments” --- Kamal Kishor

effective refractive index of the guided mode along two mutually orthogonal axes, the
Birefringence ( ngx — Ngy) induced in the sample PM-PCF is obtained.

Further, the experimental value of 0. (the angle where the far-field intensity falls to
1/€? of the maximum intensity) is obtained from the measured far-field intensity
curve. The MFD of propagating light wave is obtained with the help of the formula of
MFD = 2 ,/znsin6, for both the axes [85].

From the calculated values of MFD of PM-PCF along two orthogonal axes, the mode-
field area (= mxy/4) is calculated; where x, y are the MFD of PM-PCF along the two

orthogonal axes.

3.4 Characterization Results and Discussion

It is mentioned that the major axis in the near field becomes minor axis in far field
and the minor axis in near field becomes major axis in far field, which is expected
also from diffraction phenomena. The experimental result of MFD along both the
axes is found to be in close agreement with the manufacturer data within the
experimental limits.

From the experimentally obtained value of MFD for both axes, Mode Field Area is
obtained and is also found to be in close agreement with the manufactures data.

Core radius along two axis i.e. semi major and semi minor axes is obtained using
universal graph and these values are verified with Scanning Electron Microscope
(SEM) measurement.

The V-parameters of the PM-PCF along both axes is obtained from universal graph,
using the experimental value of sin6;,/sinfs, and is verified with the simulation

result of R-Soft Band solver.

The numerical aperture (m) along the two axes is calculated using the
above obtained value of V-parameters & the core radius and are verified with the
simulation result of R-Soft Band solver.

The effective refractive-index of cladding for given PM PCF along the two axes is
calculated using core refractive-index (n;) = 1.45 and the numerical aperture and are

verified with the simulation result obtained from R-Soft Band solver.
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The experimental effective refractive index of the guided modes (ng) along the two
orthogonal axes is obtained with the R-Soft using the experimentally obtained
effective refractive index of cladding. These values are verified with simulation result
of R-Soft Band solver.

The Birefringence (ngy — ngy) induced in the given PM-PCF is obtained from
effective refractive index of the guided mode along two mutually orthogonal axes and
is verified with the simulation result of R-Soft Band solver, where it is shown that the
birefringence is in the order of 10~.

Experimental results for the determination of waveguiding and geometrical
parameters for given PM PCF are found to be matching with manufacturer
/simulation results by Plane wave expansion method using the R-Soft Band solver as
well as from the SEM measurements, which have been compared and tabulated in
table 2. “Axis-1” is the axis along big air holes act as minor axis in near field and
major axis in far-field and hence yields lower effective refractive index in cladding
along big air holes, similarly “Axis-2” is the axis along regular air holes act as major
axis in near field and minor axis in far field and yields larger value of effective

refractive index in the cladding. As a result modal birefringence is introduced.
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Table 3.2: Comparison between Manufacturer/Simulation/SEM data and Experimental

Results
Manufacturer’s-(k)/ Experimental
Simulation data(l)/ Results
Measured from SEM (m)
Axis-1(x) 3.1 (k) 3.08
MFD ( pm) Axis-2(y) 3.6 (k) 3.79
Mode Field Area(pm?) mXy/4 8.7606 (k) 9.163462
Axis-1 b'=1.445 (m) b=1.28754,
. b'=1.45284
Core Radius (pm)
Axis-2 a'=2.285 (m) a=2.0454,
a'=2.3080
Effective Refractive Axis-1 1.43298 (I) 1.43860
index of cladding
AXxis-2 1.44086 () 1.44335
(nclad)
Effective Refractive Axis-1 1.445459 (I) 1.445212
index of guided mode _
(ng) Axis-2 1.447837 (1) 1.447869
Birefringence 0.002378 (1) 0.002657
Axis-1 2.8295 (1) 2.650
V-parameter Axis-2 3.2985 (1) 3.175
Axis-1 0.22151 (1) 0.18146
Numerical Aperture Axis-2 0.16254 (1) 0.13871

3.5 Conclusion

Far-Field method is applied to characterize PM PCF. Assuming the elliptical core of
PM PCF as an equivalent rectangular waveguide, first the parameters for the
equivalent rectangular/slab waveguides are found. Then with the suitable
approximation we calculated and characterized the PM PCF. The Experimental result
so obtained matches with the manufacturer/ Simulation/SEM data within the

experimental limits. Thus, this method provides us a useful tool for online
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characterization of PM PCF. It is expected that this method will serve as standard
technique to characterize PM PCF and will also be useful to design and develop

application specific PM PCF both in optical communication and in sensor systems.
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CHAPTER 4
Design, fabrication and characterization of tunable

negative refractive index metamaterial’

4.1 INTRODUCTION

In last two chapters, characterization technique for the different application specific
photonic crystal fiber is presented. In the present chapter, Design, fabrication and
characterization of a new tunable photonic device called Metamaterial is discussed.
Due to their highly uncommon electromagnetic properties and application such as
negative refraction, flat lens, Cloaking, reverse Doppler Effect etc; Metamaterials are
in the prime focus for past few years with the number of publications and patents,
increasing exponentially.

All known naturally found transparent materials have positive electric permittivity (&)
and magnetic permeability (u;) and by convention the positive value of refractive
index (n) is taken in account [35-37]. In case of artificially designed metamaterial,
both electric permittivity and magnetic permeability is negative, which results n real
and under this situation negative square root for n is taken into account (negative
refractive index). The main challenge in the design of metamaterials is to design a
structure which shows electric permittivity and magnetic permeability simultaneously
negative for the desired frequency range within its characteristic size [35-37, 42]. It
becomes possible to design metamaterials due to the dispersive nature of materials i.e.
electric permittivity and magnetic permeability is function of the radiation frequency.
Due to the rapidly-developing sub-wavelength techniques and Nano-fabrication
facility, different types of metamaterials structures (such as square, Q- shaped,
circular, U-shaped, S-shaped, asymmetric-rings and asymmetric-rings) is designed for
different applications purpose [52-58]. Almost in all cases, metamaterials are
fabricated as periodic arrays of metallic structures whose dimensions are smaller than

the wavelength of radiation. The overall electromagnetic response of the entire

? Part of the results reported in this chapter has been published in the paper-“Tunable negative
refractive index metamaterial from “V” shaped SRR structure: Fabrication and Characterization”,
Journal of the Optical Society of America B (OSA) Vol. 31 No. 7, pp 1410-1414, 2014.
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material is determined by the collective oscillations of conducting electrons in these
metallic structures (known as localized surface Plasmon) [86-90, 92-93]. To achieve a
customized electromagnetic response, the dimensions and geometries of these
metamaterial unit cells is to be adjusted. The “C” shaped Split Ring Resonator (SRR)
is the most common element used in forming the basic microstructure of
metamaterials resonating in the infrared regime [86-90]. In case of normal incidence
with TE polarization mode, when incident electric field across its gap, the electric
field couples with the capacitance of the SRR and generates a circulating current
across it. A magnetic field is induces at the bottom of the SRR by this circulating
current. This induced magnetic field interacts with the external field to generate the

magnetic resonance identified as an LC resonance by Linden et al [91]. The LC

resonance (wj. = 1/vVLC) of the SRR is inversely proportional to the size (dimension)
of SRRs. In case of TM polarization mode, when the electric field is perpendicular
across the SRR gap, no LC resonance only with the plasmon resonance being present
as there is no circulating current could be produced.

In this chapter, Fabrication and characterizations of a “V” shaped SRR metamaterial
is described and also shown the angular gap dependent tunable negative refractive
index (NRI) characteristics. The unique property of this structure is that by varying
the angular gap between its arms, the capacitance (C) for the structure can be changed
and hence the negative refractive index can be tuned and controlled as per
requirement. The interdependence of the capacitance (C) and inductance (L) of the
structure is experimentally and computationally investigated and it is observed that by
changing the angular gap of V shaped SRRs it is possible to control/tune their
negative refractive index at the corresponding resonance wavelength. Exploiting this
important result for the extraordinary electromagnetic properties of the reported
structure, this structure can be used for tuneable metamaterial devices e.g. the design

of receiver and transmitter antenna for the desired frequency/application range.
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4.2 Design and Fabrication

On the n-doped silicon substrate having an area of ~300 x 300 um, two dimensional
array of ~50 nm thick gold based V shaped SRRs were fabricated using a combination
of Electron Beam Lithography (EBL) technique and metal lift-off. The width of the
arms for “V” shaped structure was kept at ~0.1um and the arm length at ~1pm. Eight
different sample of reported structure with angular gap of 0°, 20°, 40°, 60°, 90°, 120°,
150° and 180° is fabricated and studied.

Figure 4.1 shows the geometry and dimensions of the reported structure. Fig. 1(a)
shows the geometry of the structure for angular gap of a° (o may be 20°, 40°, 60°,
90°, 120°, 150°); fig. 1(b) is for angular gap of 0° which look like single arm or
longitudinally parallel rods; similarly fig.1(c) shows the structure for angular gap of
180° where both arm open in opposite direction and look like horizontally parallel

rods. Fig.1 (d) charts the dimension of all the samples for different angular gap.

Angular gap (a) L M N
(Degree) (um) | (um) | (pm)
0° 1 1 1

20° 1 2 1.1
40° 1 2 1.1
60° 1.2 2 1.1
920° 1.6 2 1.05
120° 2 2 1.05
1500 2.667 2 1
180° 1 1 1.233
(d)

Figure 4.1: Geometry and Dimensions of the reported structure
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4.3 Characterization Process

The reflectance measurements of all the fabricated structure were done using a
Nicolet Continuum Fourier transform infrared (FTIR) spectroscope fitted with a case
grain objective of 10 X magnifications and an NA of 0.25. A Zinc Selenide polarizer
was used to polarize the incident light. The measurements were taken for both
orthogonal linear polarizations of the incident light (TE and TM polarization) - and
were then normalized with respect to the reflectivity of a bare silicon substrate. All
measurements were taken at normal incidence.

Modelling and simulation for fabricated “V” shape metamaterial is performed using
finite-differential-time-domain (FDTD) method of Omnisim simulation package from
Photon Design, UK. The Drude model is used to describe the complex dielectric
constant of the gold layer. The reflection and transmission spectra for the modelled
structures are simulated as a function of wavelength.

The reflectance resonance response of TE and TM modes measured from Nicolet
Continuum Fourier transform infrared (FTIR) spectroscope as well as obtained by
Finite Difference Time Domain (FDTD) simulations of the structure are shown in

Figure 4.2 (Blue curve is for TE mode, Pink curve is TM mode).
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Figure 4.2: Reflection spectra of both TE and TM polarization for all samples SRR

structures
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It is observed that the 0 degree and 180 degree angular gap samples (having minimum
and maximum gaps) produced no significant resonance response as expected as they
simply represent metallic rods instead of SRRs and. But for the structures with the
angular gap (a) of 20°, 40°, 60°, 90°, 120° and 150°, the LC and Plasmon resonance
response is significant and observable for the TE polarization mode with the electric
field parallel across the SRR gap.

Figure 4.3 shows the significant shift in resonance (LC) peak with respect to angular
gap for TE polarization (both experimental as well as simulated).

The most significant observation is that position of LC resonance peak the samples
varying from 3.6 um to 5.6 um wavelength ranges by varying the angular gap from
20° to 150° respectively. These experimental observations were confirmed with the
simulation results obtained from Omnisim FDTD simulation package within

experimental limits.

6 4 *Simmulation AExperimental
= 8
:
- 4
=
B
g3
E
s 2
=
1
0 Ll L| L} ] 1
0 40 80 120 160 200
Angular Gap (0)

Figure 4.3: Position of LC peak with respect to angular gap.

4.4 Determination and analysis of Electromagnetic parameters

To the exploit of the amazing electromagnetic properties of metamaterial, it is require

to characterize the metamaterial structure in terms of its electromagnetic parameters
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such as real and imaginary value of electrical permittivity, magnetic permeability,
refractive index and impedance etc. In the recent past several methods are used for the
characterization of metamaterials and evaluating its electromagnetic parameters [94-
102]. In this chapter, Yosuke et al. method [102] is used to compute the
electromagnetic parameters by using the reflection and transmission coefficients

obtained by simulation results and the following equations are used,

2 2
5 _ T —(14R)

Z T2 (1-R)? @
_ < (1+z)R l
n = In|go0 +T] ..... ceeeeeereeenns 2)
T = Telodo . veerrerneennenns (3)
R=-R ... veeerreenneenne. (4)
n
£=— veerreernmereersneenn (B5)
1L = nz B (1))

Where T = Transmission coefficient, R = Reflection coefficient, d = effective thickness of the
gold layer, ¢ = velocity of light in vacuum, ®=2n/A, z= impedance, n=refractive index,

e=electric permittivity, u= magnetic permeability.

Using the above equations and the reflection and transmission spectrum, the variation
in electromagnetic parameters w.r.t. wavelength for each structure is plotted in figure
44. It is easily observed in the electromagnetic parameters plots that electric
permittivity and magnetic permeability for the structure is negative at the resonance
wavelength, so the refractive index is also negative at the resonance wavelength. The
entire curve plotted for the eight different samples are given below (Blue curve is for

real part, Pink curve is for imaginary part).
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From the above plotted curves the variation in negative refractive index is found for

the respective angular gap and is plotted in figure 4.5 (below).
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Figure 4.5: Plot of refractive index against different value of angular gap

From the above observations, it is clear that refractive index is negative for the
reported structure at the LC resonance frequency. This observation confirms that our
structure is behaving as negative refractive index metamaterial at corresponding
resonant frequency.

Also from figure 4.4 and 4.5 it can be clearly seen that by changing the angular gap of
the V shaped SRRs, their LC resonance position changes and negative refractive
index of the structure increases constantly at the corresponding resonance position.
This is significant for practical applications of negative index metamaterials in
waveguides and cloaking because signals obtained near resonance response of
materials tend to be very lossy and difficult for real life applications. In case of V
shaped SRRs, we have the advantage of increasing the NRI just by increasing the
angular gap. To the best of our knowledge, this facility cannot be harnessed in other
structures e.g. the C shaped SRRs. This also proves that the electromagnetic
parameters (such as permittivity and permeability) of metamaterial can also be tuned

as per our requirement by varying the angular gap.
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4.5 Conclusion

In this chapter, a new design of metamaterial structure similar as English letter “V” is
fabricated and performed experimental and computational investigations of the
structure. In this work, the behavior of a “V” shaped split ring resonator is described.
By changing the angular gap of V shaped SRRs it is possible to vary the NRI of the
structure. The experimental results are well corroborated by simulations to show that
electromagnetic parameters (such as €, u, n etc.) can be tuned with the variation of the
angular gap between the arms of V shaped SRRs. Thus, the reported structure for the
metamaterial will put a significant mark in the design and development of

metamaterials based optical switch, tunable devices and sensors etc.
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CHAPTER 5
Design and characterization of a Metamaterial Structure for
Negative refraction in optical communication window

around 1.55 pm*

5.1 INTRODUCTION

In the last chapter, Design, fabrication and characterization of V-shaped tunable
Metamaterial is expounded. Now, in this chapter, the main focus is to design a
Metamaterial Structure for Negative refraction in optical communication window.
Also, after designing to characterize the structure to know the electromagnetic
parameters like electric permittivity (g), magnetic permeability (i), impedance as well
as the refractive index (n).

In almost all cases, SRRs are fabricated as periodic arrays of metallic structures with a
dimension smaller than the wavelength of radiation so the collective oscillations of
conducting electrons in these metallic structures (known as localized surface
Plasmon) [86-90, 92-93] determine the overall electromagnetic response of the entire
material. Metamaterials have characteristic dimensions of the order of the operating
wavelength, with fabrication accuracies better than 10 nm. Now, due to this
fabrication limit, metamaterial advantage is not being exploited in optical regime, as
much it is well explored and exploited in microwave regime. A new planar
metamaterials structure are being tailored to obtain the negative refractive index
property in high frequency regime to overcome this difficulty in the fabrication of the
metamaterials with the structures consisting a combination of split-ring resonator and
metal wire [103-104]. These new planar metamaterials structures are well suited for
most applications in terms of feasibilities of design and fabrication in the optical
frequency regime [104-105]. They have also advantage in easy excitation and easy

matching with conventional planar circuits.

* Part of the results reported in this chapter has been published in the paper “Design and Simulation of
“I” shaped Split Ring Resonator metamaterial at optical communication window around 1.55 um”,

Optik (Elsevier, Science Direct), [ILEO-D-14-01345 (Accepted) (2015)
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5.2 Geometry and Design of the structure

In this chapter, design and simulation of “I” shaped metamaterial is described, which
is showing negative refraction in the optical communication window around
wavelength of 1.4 pm to 1.6 pum. The proposed metamaterial structure consisting of
periodic arrays of gold split ring resonators (SRR) deposited on silicon substrate, with
a minimum feature size of 100 nm.

Two dimensional array of 12 x 8 was formed on a 1.5 micron thick silicon substrate;
gold strip of 0.6 micron thickness is used to form the proposed structure having the
width 0.1 micron of gold strip. Figure 5.1 shows the geometry with its dimensions and
the elementary cell of the proposed planar metamaterial. To get the optical frequency
range, the 0.1 micron longitudinal and 0.4 micron horizontal gap between two
successive proposed structure units is set as when two rings get closer then the

resonance frequency is shifted to lower (44).

0.4 micron

/
A4

1 micron

0.1micron

0.5 micron

Figure 5.1: The geometry and dimensions of the reported structure
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5.3 Modeling and characterization of the structure

The modeling and simulation of the reported “I”” shape planar metamterial structure is
done by using finite-differential-time-domain method (FDTD) of omnisim simulation
package from Photon Design, UK. To describe the complex dielectric constant of the
gold layer the Drude model is used. The propagation characteristics in terms of
reflection and transmission spectrum as a function of wavelength of the reported
structure are obtained using finite differential time domain (FDTD) method. Figure
5.2 showing the transmittance and reflectance resonance response for the proposed “I”

structure with respect to the wavelength.
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Figure 5.2: Propagation characteristics of the structure (a) Transmission (b) Reflection

It is observed that proposed structure with above mentioned dimension produced very
much significant resonance response at wavelength range around 1.4 pm to 1.6 um

which is belongs to optical communication frequency range.

5.4 Determination and analysis of the Electromagnetic
Parameters

To exploit the amazing electromagnetic properties of the proposed structure, all the
key electromagnetic parameters i.e. such as permittivity (€), permeability (),
refractive index (n) etc have been obtained from the propagation characteristic curve
obtained for the structure [94-102].

In the presence several method, the Yosuke et al. [102] calculation method is used to
obtain the electromagnetic parameters by using the obtained data of transmittance and
refractive coefficient of the proposed structure. The Yosuke et al. calculation method

has the following formulas which are used for the purpose.
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€= SR <)
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Where T = Transmission coefficient; R = Reflection coefficient; d = effective thickness of the
gold layer, ¢ = velocity of light in vacuum, ®=2n/A, z= impedance, n=refractive index,

e=electric permittivity, u= magnetic permeability.

It is observed and reported that the electromagnetic parameters (such as permittivity
(¢) and permeability (n)) as well as the refractive index for the reported structure is
negative in broad optical communication window of 1.4pum to 1.6um. Figure 5.3

shows all the electromagnetic parameters for the structure.
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FigureS.3: Electromagnetic parameter with respect to wavelength for structure

The reported structure provides a way to build the device such as sensors, cloaking
device etc. in the range of optical frequency using the property of negative refractive
within very small characteristics size, this achievement open the way to advance

metamaterial technology in optical frequency range.

5.5 Conclusion

The reported “I” shaped planar metamaterial structure and geometry is investigated
for its electromagnetic parameters. It is observed that the transmission and reflection
spectrum showing the resonance response in the wavelength range of 1.4 pum to
1.6um. Furthermore, the calculated spectrum of the electromagnetic properties such as
negative refractive index, electric permittivity and magnetic permeability is obtained

negative in the wavelength range of 1.4 um to 1.6 um. These obtained results open
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the window for the integrated application of the metamaterial in optical
communication window. Thus, the reported structure put a significant mark in the
design and development of metamaterials based devices in optical communication

window.
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1. Introduction

Photonic crystal materials are the prime focus area in the past
few years with the number of publications and patents increasing
exponentially. It is now the critical phase of their development as
they move fast from the realm of fundamental studies to the
manufacturing of photonic devices and commercial deployment
of photonic crystal fibers in optical communication network.

Photonic crystals are patterned materials with a well defined
periodicity in dielectric constant. Photonic Crystal Fibers (PCFs)
are one of the most important applications of photonic crystal
materials. PCFs have given a new dimension in the field of optical
communication. PCF has the ability to confine light with the
confinement characteristics, not possible in conventional optical
fiber due to its high degree of design flexibility [1-5]. PCF is an
optical fibers made up of single material with an arrangement of
periodic air holes across the cross-section running down its entire
length. A localized region of higher refractive index is formed by
leaving a single lattice site without an air hole. Light can be
trapped along the axis of the fiber in this localized region, which
acts as a waveguide core. PCFs are now finding applications in
fiber-optic communications, fiber lasers, nonlinear devices, high-
power transmission, highly sensitive gas sensors, super-conti-
nuum generation and other areas. With its high degree of design

* Corresponding author. Tel.: +91 11 27871017; fax: +91 11 27871023.
E-mail address: dr_rk_sinha@yahoo.com (R.K. Sinha).
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flexibility and wavelength dependent refractive index of cladding,
PCFs can be optimized for single mode operation over a very long
range of wavelengths. Due to this property it is also named as
Endlessly Single Mode PCF (ESM PCF), first coined by Birks
et al. [1]. Extensive numerical calculation for the transmission
characteristics of ESM PCF have been reported in the recent past
[6-11]. Many numerical modeling techniques have been applied
to study its propagation and transmission characteristics, which
include the effective index method (EIM) [9,11-13], scalar effec-
tive index method (SEIM) [13], full vectorial effective index
method (FVEIM) [13], plane wave expansion method [14-16],
localized basis function method [12,17,18], finite element method
[19,20], finite difference time domain method [21,22] and multi-
pole method [23-25], etc.

The basic of all these methods is to calculate the effective
cladding index and then compute the propagation characteristics
of the PCFs. Among the above mentioned methods, the FVEIM
requires less computation time and less computer memory.
However FVEIM does not provide very accurate results at higher
wavelength values. This has led to development of Improved
Effective Index method (IEIM) by Park and Lee (2005) [8] in which
they empirically expressed the optimized value of core radius of
PCF in terms of air hole spacing (A1) and air hole diameter (d). The
implementation of the core radius in terms of air hole diameter
and air hole spacing substantially improved the accuracy of the
results of effective index method. Although IEIM has been
extensively used to estimate propagation characteristics of PCFs,
yet no effort has been done to experimentally test this method.
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Mortensen and Folkenberg have investigated the transition of
the fundamental mode radiating out of a PCF, from near field to
the far field [28] for endlessly single mode PCF. Further, implica-
tion of six fold rotational symmetry in the far field intensity
pattern measurement of PCF is also analyzed by Dabirian et al.
[29]. However, the geometrical and waveguiding parameters of
PCFs had not been explicitly obtained using far field measure-
ments for experimental characterization of ESM PCFs.

In this paper, we report the experimental verification of IEIM for
ESM PCF from far field intensity measurements. From the experi-
mental measurements of the far field intensity pattern, we obtained
the transmission characteristics of ESM PCF in terms of V-number,
effective refractive index of the cladding, radius of the core,
numerical aperture, etc. The experimental values of the waveguid-
ing and geometrical parameters are found to be in agreement with
the simulation results obtained using IEIM and Scanning Electron
Microscope (SEM) data. This paper is supported with experimental
as well as simulation results and confirms the validity of IEIM for
estimation of transmission characteristics of ESM PCFs.

2. Theory

In this paper, the geometrical and wave guiding parameters of
ESM PCF are obtained from the far field intensity measurements.
It is also referred as the Fraunhofer region intensity measure-
ment; the region where the angular field distribution is essen-
tially independent of distance from the source.

Far field intensity expression of the cylindrical waveguide is
obtained. The far-field radiation pattern ¥(r, 0, @) is the inverse
Fourier transform of the aperture or near fields.

The normalized (wrt 6§=0) far-field intensity distribution I (6)
for the fundamental mode of PCF [6,27] with normalized radiation
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where V2 =U? +W?; a=kasin8; k=2m/l; is the free-space
wavelength and ‘a’ is the optimized radius of the core. With the
help of above equations the universal curve (Fig. 1) for the step
index photonic crystal fiber is plotted, which is used for the
characterization of ESM PCF from the far-field measurement.

It is noted that o9 and o5 are the values of o=ka sin 6),
which correspond to angles in the far field intensity pattern at
which the intensity has dropped to 10% and 50% of its maximum
value (at #=0). The intensities are measured at 69 because it is
practically very difficult to measure the first minimum intensity
position accurately in far field intensity pattern [26,27].

2.1. Improved effective index method

The development of IEIM was led by Park and Lee [8] and later
used by subsequent authors [30-32]. In IEIM the core radius (r.) is
optimized in terms of pitch (A) and air hole diameter (d), which
substantially improved the accuracy of the results of the effective
index method [9-11]. As the core radius of a PCF with a fixed
pitch should decrease when air hole diameter becomes large,
whereas the core radius of a PCF with a fixed air hole size
increases when the pitch increases. Therefore the core radius
has been optimized using empirical formula given as

% :c1/{1+epr%—63>/C2}}

where ¢; =0.686064, c;=0.265366 and c3=1.291080

The tolerance of this formula is 1e—6.

The analysis of fully vectorial effective index method begins
with Maxwell’s equations. The homogeneous vector wave equa-
tions for the electrical field ‘E’ and magnetic field ‘H’ in cylindrical
coordinates, since the refractive index profile of the PCFs are
cylindrically symmetric can be rewritten as,

(@)

angle (o) is given as o2 16 16
) Sy g =0 @
1) =1Y] (1a)
where n is the refractive index of the material, f is the propaga-
r 22 U 2 tion constant, k is the wave vector and i can represent either the
|q,‘2 _ ﬁ{fo(a)—ah (@) I{IO( J }} forU+#ua E, or H,. By applying boundary conditions, dispersion equation
(U —o2)(W* +02) ) has been obtained
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Fig. 1. Variation of the ratio o0/0s0 (black) and a5 (red) with V parameter. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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where  P(y(w)p)=Ji(v(w)p)Y(v(w)R)—Yi(v(w)pJ{y(w)R) and
parameters k(w) and 7y(w) are defined as Kz(a)):[fz(a))—
n2, w?/c2 and y2(w)=nZ, (@)w?*/2-f*(w) with c being the
velocity of light in vacuum.

Setting =1 in the above equation, one can solve for new) of
the fundamental space filling mode. The index of pure silica
(nsi=1.457 at 633 nm) [34] and the index of fundamental space
filling mode are used as the indices of the core and cladding,
respectively, in effective index method.

Fig. 2. Real time experimental arrangement; Far-Field pattern (inset).

Fig. 3. Experimental arrangement for far field measurement.

The characteristic equation obtained from the FVEIM [30] is
written as

J1Wes)
Uerr)1(Uesr) T Werr Kt (Wegr)

2,82
~(&+a) ®
Uy ' Wy ) \k

where Ugy = kop/n2—nZy W = kop/nZ—ngoy Negr is the effec-

tive index of the fundamental mode and hence ng is the effective
cladding index obtained from equation (4).

K1 (Wegr) n2 J1WUetp) 2 KiWey)
cl Uesr]1 Uegrr) eff Wegr K1 (W)

(3)

3. Experimental setup and characterization method
3.1. Experimental setup

This experimental setup (Fig. 2) consists of a laser with
wavelength 633 nm, microscopic lens, fiber chuck and holders,
Polarizer sheet (to find the polarization axes of laser), Silicon-
photodetector (818-SL/Newport) with digital display and 10 m
long three samples of ESM-PCFs (ESM-12-01, LMA-10 and LMA-
15) obtained from Crystal Fiber, Denmark. Fiber output end is
mounted on a calibrated circular mount fitted with a photode-
tector such that the fiber end is at the center of the circle and
when we rotate the circular mount photodetector records the far
field at the circumference of the circle. The sketch of experimental
setup to record the far field intensity pattern of ESM PCF [33] is
shown in Fig. 3.

3.2. Characterization methods

The ends of ESM PCFs are stripped and cleaved properly to
minimize the reflection losses. The far-field radiation patterns of
fundamental mode (Fig. 4) for the ESM PCFs are recorded at
output end of the fibers. From Fig. 4, we obtain the corresponding
angles 019 and 0sq at which the intensity drops to 10% and 50% of
its maximum value (at 0=0) for three fibers. Thereby ratio
sin 01¢/sin 0sq is obtained using Fig. 4. From the universal graph
(Fig. 1), the V value is obtained corresponding to experimental
values of sin 0;o/sin 059 for each fiber. For the respective V
parameter the corresponding oso( =koa sin 0sp) is calculated from
the right hand ordinate of the universal graph (Fig. 1). Since 059
was already known, the core radius is calculated with the value of
osp, at the known operating wavelength (633 nm). Since V
parameter and core dimension is obtained, the corresponding

numerical aperture (/n?—n3) is calculated for each ESM PCF.

&
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Fig. 4. Measured far field intensity distribution of ESM PCFs.
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Table 1

Geometrical and waveguiding parameters of PCFs obtained from IEIM, SEM and experimental results obtained from far field

measurements.

[EIM(a)/Measured from SEM (b)

Experimental results

V-parameter ESM-12-01 2.8268 (a) 2.725 + 0.06
LMA-10 2.9540 (a) 2.701 + 0.05
LMA-15 2.9703 (a) 2.775 +0.05
Core diameter (micrometer) ESM-12-01 7.18 (b) 7.01 +0.05
LMA-10 8.95 (b) 8.62 +0.04
LMA-15 13.84 (b) 13.59 +0.04
Numerical aperture ESM-12-01 0.055972 (a) 0.038829 4+ 0.0011
LMA-10 0.074013 (a) 0.063246 + 0.0014
LMA-15 0.048275 (a) 0.041360 + 0.0008
Effective refractive index of cladding(ngqq.) ESM-12-01 1.4560 (a) 1.45648 4+ 0.041
LMA-10 1.4552 (a) 1.45562 4+ 0.032
LMA-15 1.4562 (a) 1.45641 + 0.028
Further, using refractive-index of core (n;)=1.457 at 633 nm Acknowledgment

obtained with Sellemier formula [34], the effective refractive
index of cladding ny(=nqqq) is calculated using the value of
numerical aperture.

4. Results and discussion

The core radius is obtained by universal graph (Fig. 1) and
these values are verified with the SEM measurement and are
found to be in agreement with each other for the three different
sample of ESM PCF.

The V-parameters for each fiber is obtained from the universal
graph (Fig. 1), using the experimental value of corresponding
sin 0,o/sin 059 and is verified with the values calculated from
[EIM.

The numerical aperture ,/n?—n? is calculated using the above

obtained values of V-parameters for respective fibers and corre-
sponding core radius and are verified with the calculations
by IEIM.

The effective refractive index of cladding for each ESM PCF is
calculated using respective value of core refractive index
(n1)=1.457 and the numerical aperture and are verified with
the results obtained from IEIM.

The experimental results obtained for the transmission char-
acteristics of ESM PCFs are found to match with the results
obtained using improved effective index method (IEIM) and
scanning electron microscope (SEM) data. It was found that the
experimental values validate the numerical method as the results
are in good match and have been compared and tabulated in
Table 1 along with corresponding maximum possible error. It is
mentioned that an error in measurement of angles 0o and 0sq
leads to error in calculation of V-parameters, core diameter,
numerical aperture and effective refractive index of cladding.

5. Conclusion

Far field method is applied to obtain the transmission char-
acteristics of ESM PCFs and to validate the results calculated using
IEIM. It is shown that the transmission characteristics i.e. core
diameter, V-parameter, effective refractive index of cladding and
numerical aperture are obtained from far field measurement
match with the SEM data and simulation results using IEIM
within the experimental limits. Thus the far field measurement
method and IEIM validate and authenticate the results obtained
from each other.
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1. Introduction

Polarization Maintaining Fibers (PMFs) are required for high bit
rate optical fiber communication systems as polarization mode
dispersion (PMD) can be eliminated in PMFs. To transmit the stable
state of polarization it is important to use the specialty optical fibers
i.e. PMFs. These fibers work by inducing a birefringence within the
fiber core, which refers to a difference in the propagation constant of
light wave traveling through the fiber for two orthogonal directions of
polarizations. Birefringence is created within a PMF either by forming
a non-circular fiber core (shape induced birefringence), or by
inducing constant stresses within the fiber with stress applying
parts (SAP) and is called stress induced birefringence. Birefringence
breaks the circular symmetry in an optical fiber, creating two principal
transmission axes within the fiber, known as the fast and slow axes of
the fiber according to the effective refractive index experienced by the
propagating modes.

PMFs find extensive applications in coherent optical communica-
tion systems and in polarization sensitive experiments including
design and development of optical fiber based sensors. Elliptical Core,
Bow Tie and PANDA fibers etc. are conventionally referred as PMFs
and their modal birefringence are reported in the order of 5x 10~
[1-3]. New designs of optical fibers, exhibiting higher birefringence
and thereby enhancing their polarization maintaining capability, are

* Corresponding author.
E-mail address: kishorkamall@rediffmail.com (K. Kishor).

0030-4018/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.0ptcom.2010.07.026

needed to meet the requirement of low PMD in optical communi-
cation systems and networks.

In the recent past, design, simulation and fabrication of Photonic
Crystal Fibers (PCFs) are being reported. PCFs are the recent advance-
ment in optical fiber technology and have generated great amount of
interest, as they exhibit many superior transmission characteristics with
high degree of design flexibilities [4-6]. The transition from near field to
the far field of the fundamental mode radiating out of a PCF is also
investigated experimentally and theoretically, where it is observed that
six satellites form around a nearly Gaussian far field pattern from
conventional (ie. index guided solid core) PCF, which qualitatively
explains all the observed phenomena and quantitatively predicts the
relative intensity of the six satellites in the far field region [7]. Six fold
rotational symmetry and its implication in the measurement of the far
field intensity pattern of conventional PCF is described by Mortensen et
al. [8]. However these methods do not attempt to characterize PCF in
terms of its geometrical and waveguiding parameters. Further, it has
been reported that the far field measurement is an excellent method to
characterize conventional PCF [9,10], which forms a basis for using far
field intensity patterns to characterize such specialty optical fibers.

With photonic crystal structure, it is possible to design highly
birefringent fiber which serves as polarization maintaining (PM) PCF.
In case of PCFs, birefringence can be easily tailored and enhanced
[11-14]. Recently PM PCFs have been fabricated using two different
air hole diameters along two orthogonal axes near the core region
(Fig. 1), which provides an effective index difference between two
orthogonal polarization modes and their transmission characteris-
tics exhibiting high birefringence in the order of 1073, is reported
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Fig. 1. SEM images of PM PCF, Pitch, A — 4.4 um, large hole diameter — 4.5 pm, small
hole diameter — 2.2 pm.

[15-18]. This value of birefringence is one order higher in magnitude
than that of conventional PMFs. Transmission characteristics of such
PM PCF depend on the waveguiding (e.g., MFD, V-values along major
and minor axes and birefringence etc.) and geometrical (core radius
of major and minor axes of PM PCFs, air hole diameters, etc.)
parameters of PM PCF. Therefore the knowledge of these waveguid-
ing and geometrical parameters are required to assess the perfor-
mance and transmission characteristics of PM PCFs.

In this paper, we report the development of a theory and
experiment for the characterization of PM PCF from far filed intensity
measurements. From the experimental measurements of the far field
intensity pattern, we obtain transmission characteristics of PM PCF in
terms of MFD, V-values along major and minor axes, mode field area,
birefringence, core radius and numerical apertures of major and minor
axes of PM PCFs. The experimental values of the geometrical and
waveguiding parameters are found to be in agreement with the
manufacturer, simulation and Scanning Electron Microscopy (SEM)
data for this PM PCF. It is expected that the theory and experiment
reported in this paper will find extensive application in design,
development and online characterization of PM PCFs.

2. Theory
In this paper, we have used far field intensity measurements for

estimation of geometrical and waveguiding parameters of PM PCF. The
far field region is also referred as the Fraunhofer region; it is the region

where the angular field distribution is essentially independent of
distance from the source. The cross sectional views of the spot size of PM
PCF used in our experiment is found to be elliptical in its near and far
field regime (Fig. 2) and hence it is considered as an elliptical core fiber.
The propagation characteristics of elliptical core optical fiber had been
obtained accurately by its equivalent Rectangular Core Waveguide
(RCW), having the same aspect ratio, core areas and core-cladding
refractive index difference [19].

The elliptical cross section of PM PCF is approximated to be
rectangular shape for obtaining the far field intensity expression in
our analysis. Propagation characteristics of the elliptical core
waveguide have been successfully obtained from the equivalent
rectangular core waveguide (Fig. 3) having the same aspect ratio, core
areas and core-cladding refractive indices[19,20] and is briefly
described as follows:

Refractive Index Profile of elliptical core can be given by Egs. (1a)
and (1b).

2 2 X’ yz

n°(x,y) = nj, for a7 + b2 <1.0 (1a)
2 2
X

n*(x,y) = n2. for<a,2 + ,};z> ~1.0 (1b)

Further, elliptical core is approximated by the pseudo rectangular
core waveguide having following refractive index distribution:

n’(x,y) = n*x) + n*(y) - nj 2)
where
n'(x) =n; [x|<a
=n, |X|>a
and
n'(y)=mny; ly|<b
=mn, y|>b

where a/a =b/b = \/m/2, as area of rectangle (4ab)=area of
ellipse (ma'b").

Thus, the elliptical cross section of PM PCF can be considered as
two crossed slab waveguides.

The far field radiation pattern ys(r,6,¢) is the inverse Fourier
transform of the aperture or near fields. The normalized (with
respect to 6 = 0) far field intensity distribution for the fundamental

Fig. 2. Far field pattern of PM PCF.
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Fig. 3. Transverse cross section of elliptical core described by the refractive index profile
with its equivalent pseudo same rectangular core waveguide described by the refractive
index profile.

TE mode [19] of symmetric slab waveguide is given in Eqgs. (3a)
and (3b).

for U«

U*w?
(U2—0?)(W? + o?)

2

2 o cosU
[P —[ {cosa asmaUSinU}} (3a)
forU=a

(3b)

- U*w? cos’a— sin® & + sin2a) |
~ |(2v?)(UsinU) 2a

where V2 = U? + W%, o = kasin®; k = 2"/)\0; No is the free-space
wavelength and ‘a’ is the half-thickness of the core along the
respective axes. It is mentioned here that far field intensity
corresponding to TE mode is used as the transcendental equation
for TE mode propagation does not depend on refractive indices
directly unlike TM modes [21,22] and hence the above mentioned
expression for far field intensity and its pattern (Fig. 4) is widely used
for the characterization of optical waveguides [19-21].

The universal curves (Fig. 5) for far field intensity pattern of the
slab waveguides is obtained from the above equations and is used for
estimating the core dimensions and hence aspect ratio of the core of
PM PCF.

It is noted that oo and a5 are the values of a(=ka sin 0), which
correspond to angles in the far field intensity pattern at which the
intensity drops to 10% and 50% of its maximum value (at 6 =0°.). The
intensities are measured at 6;o because it is practically very difficult to
measure the first minimum intensity position accurately in far field
intensity pattern [23].

3. Experimental setup and characterization method
3.1. Experimental setup

This setup consists of a Helium-Neon laser with wavelength
633 nm, microscopic lens, fiber chuck and holders, polarizer sheet (to

Intensity (db) ——

Fig. 4. Far field intensity pattern for the slab-wave guide.
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Fig. 5. Variation of the ratio a0/ asp (red) and s (black) with V-parameter.

find the polarization axes of laser and polarization of the output light
from PM PCF), detector with digital display and 20 m long PM PCF.
The far field output of the detector is measured in the digital display.
A schematic diagram [24] to record far field intensity pattern of PM
PCF is depicted in Fig. 6 whereas the real experiment setup is
exhibited in Fig. 7.

3.2. Characterization methods

The PM PCF ends are stripped and cleaved properly to minimize
the reflection losses. The TE mode is excited in the fiber after
identifying the polarization axes of both the laser and the fiber. The
output far field intensity pattern is recorded and the light intensity
pattern is recorded and the light intensity was fed into the digital
display. The far field intensity variation of the fundamental TE mode
along the major and minor axes of the PM PCF is displayed in Figs. 8
and 9 respectively.

From Figs. 8 and 9, we obtain the angles corresponding to the fall of
intensity to 10% and 50% of its maximum value. The corresponding
values for these two angles 6o and 65 are tabulated Table 1. After
noting down the angles 6, and 650, we calculate the sine ratio of these
two angles i.e. sin 61¢/sin 0sg.

From the universal graph (Fig. 5) for the slab waveguide, the
V-values are obtained corresponding to experimental values of
sin 0o /sin 5o along both axes. For the respective V numbers the
corresponding aso(=Kkoa sin 6sq) is calculated from the right hand
ordinate of the universal graph (Fig. 5). Since 6059 is known, the
core radius along the respective axes is calculated with the value

Fig. 6. Line sketch of the far field intensity pattern.
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Fig. 7. Experimental arrangement for the far field measurement.

of asp; at the known operating wavelength (633 nm). Thus, by
measuring far field intensity angles at which the intensity has
dropped to 10% and 50% of its maximum value, the core radius
for the pseudo rectangular waveguide are calculated. From this
data, the core dimension of the elliptical core of this PM PCF has
been calculated using aspect ratio for pseudo rectangular
waveguide and elliptical PM PCF ie. a/a =b/b = ym/2.

Since V-parameter and core dimension are obtained, the numer-

ical apertures (, /n? —n%) along the both axes are calculated. Further,

refractive index of core is n; (=1.45), effective refractive index of
cladding ny(=ngqq) is calculated using the value of numerical
aperture. Once we have the effective refractive index of cladding
(ngqq), we calculated the effective refractive index of the guided mode
(ng) along the two orthogonal axes of PM PCF with the R-Soft. From
the knowledge of the effective refractive index of the guided mode
along two mutually orthogonal axes, the birefringence (ng—ngy)
induced in the given PM PCF is obtained.

Further, we find the experimental value of 6., the angle where the
far field intensity falls to the 1/e? of the maximum intensity from the
measured far field intensity curve. The MFD of propagating light wave
is obtained with the help of the formula of MFD ( = 2\ / T sin6,) for
both the axes [22,25]. From MFD of PM PCF along two orthogonal axes
we calculate the mode field area ( = mxy / 4): where x, y are the MFD of
the PM PCF along the two orthogonal axes.

PM PCF Major Axis

w E-S

d
Ajsuauj|—> /

n

L]

16 -14 12 10 -8 -6 -4 -2 0 2
0—>

Fig. 8. Measured far field intensity distribution along the major axis.
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Fig. 9. Measured far field intensity distribution along the minor axis.

3.3. Verification of experimental results for characterization for given
PCF from R-SOFT simulation

We have used manufacturer (Blaze Photonics) data for the given
PM PCF as mentioned below:

1. Pitch, A (Spacing between adjacent holes) — 4.4 um.
2. Large hole diameter — 4.5 um.
3. Small hole diameter — 2.2 ym.

Using R-SOFT simulator (band solve), we have modeled the PM
PCF by taking into account the manufacturer data. We have calculated
V-parameter, effective refractive index of cladding and guided mode
along the two orthogonal axes. With calculated effective index for
cladding (n,( = ngqq)) and knowledge of refractive index of the core

(n1) =1.45, numerical aperture (, /n%—n%) along the two axes and

birefringence (ng—nygy) for PM PCF are obtained and these values are
mentioned in Table 2.

4. Results and discussion

It is mentioned that the major axis in the near field becomes minor
axis in far field and the minor axis in near field becomes the major axis
in far field, which is expected also from diffraction phenomena. MFD of
the PM PCF is provided by the manufacturer, and we experimentally
also measured it, using the formula “MFD = 2Aq/m sin 6,” for both axes.
Our experimental result of MFD is found to be in close agreement with
the manufacturer data within the experimental limits.

From the experimentally obtained value of MFD for both axes,
mode field area is obtained and also found to be in close agreement
with the manufacturer's data.

Core radius along two axis i.e. semi major and semi minor axes is
calculated by using universal graph (Fig. 5) and these values are
verified with SEM measurement and are found to be in agreement
with each other.

The V-parameter of the PM PCF along both axes is obtained from the
universal graph (Fig. 5), using the experimental value of sin 6,¢/sin 65
and are verified with the simulation result of R-Soft Band solver.

The numerical aperture (,/n{—ng) along the two axes is
calculated by using the above obtained values of V-parameters and

Table 1
Scanning data along the major and minor axes of the far field.

Figure (far field) 610 050 o/ Q50 ="5in 010/5in 59 Q59 = koa sin Bsq
Scanning IO 5.5° 3° 1.8313 1.198
<«+— Polarization

1.87796 1.068

PolarizationIO 8 42
«+— Scanning




K. Kishor et al. / Optics Communications 283 (2010) 5007-5011 5011

Table 2
Comparison between manufacturer/simulation/SEM data and experimental results.
Manufacturer's-(a)/ Experimental
simulation data (b)/ results
measured from SEM (c)
MEFD () Axis-1 (x) 3.1 (a) 3.08
Axis-2 (y) 3.6 (a) 3.79
Mode field area (p?) ™Y /4 8.7606 (a)  9.163462
Core radius () Axis-1 b'=1.445 (c) b=1.28754, b’ =1.45284
Axis-2 a’'=2285(c) a=2.0454, a’ =2.308

Effective refractive index of Axis-1
cladding (ngqq) AXis-2
Effective refractive index of Axis-1

1.43298 (b)  1.43860
1.44086 (b)  1.44335
1.445459 (b) 1.445212

guided mode (ng) Axis-2 1.447837 (b) 1.447869
Birefringence 0.002378 (b) 0.002657
V-parameter Axis-1 2.8295 (b) 2.65

Axis-2 32985 (b)  3.175
Numerical aperture Axis-1 0.22151 (b)  0.18146
Axis-2 0.16254 (b)  0.13871

the core radius and are verified with the simulation result of R-Soft
Band solver. The effective refractive index of cladding for given PM
PCF along the two axes is calculated by using core refractive index
(n) = 1.45 and the numerical aperture and are verified with the
simulation result obtained from R-Soft Band solver. The experimental
effective refractive index of the guided modes (n,) along the two
orthogonal axes is obtained with the R-Soft by using the experimen-
tally obtained effective refractive index of cladding.

It is mentioned here that the experimental value of numerical
aperture is obtained directly from the universal graph after obtaining
V value and core radius along the respective axis. In simulation data,
the numerical aperture is obtained indirectly, i.e. first we obtain the
effective refractive index of the guided mode, followed by the
assumption of the core refractive index as 1.45 at A=0.633 um, and
there after we obtain the effective cladding index, which is used for
the calculation of numerical aperture of the PM PCF along their
respective axis. From these data, it is found that the difference
between the simulation and experimentally obtained value of the
numerical aperture is very small and falls within experimental limit.

The birefringence (ng—ngy) induced in the given PM PCF is
obtained from the effective refractive index of the guided mode along
two mutually orthogonal axes and is verified with the simulation
result of R-Soft Band solver, where it is shown that the birefringence is
in the order of 102,

Experimental results for the determination of wave guiding and
geometrical parameters for the given PM PCF are found to match with
the manufacturer/simulation results by plane wave expansion method
using the R-Soft Band solver as well as from the SEM measurements,
which have been compared and tabulated in Table 2. “Axis-1" is the axis
along big air holes act as minor axis in the near field and major axis in
the far field and hence yields lower effective refractive index in the
cladding along the big air holes, similarly “Axis-2" is the axis along
the regular air holes act as major axis in the near field and minor axis
in the far field and yields larger value of effective refractive index in the
cladding. As a result modal birefringence is introduced.

5. Conclusion

Far field method is applied to characterize PM PCF in terms of its
waveguiding and geometrical parameters. It is shown that the
waveguiding and geometrical parameters obtained from the far field
measurement of PM PCF match with the manufacturer/simulation/
SEM data within the experimental limits. Thus, this method provides a
useful tool for online characterization of PM PCF. It is expected that
this method will serve as standard technique to characterize PM PCF
and will also be useful to design and develop application specific to
PM PCF for both optical communication and in sensor systems.
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In this paper, we report the fabrication and characterization of a V-shaped split ring resonator (SRR) metamaterial
and have shown that it is possible to tune a negative refractive index by changing the angular gap of V-shaped SRR.
Our experimental characterization results are well supported by simulation results using the FDTD method. The
reported design of a V-shaped SRR structure has the distinctive advantage of having its capacitance varied
by changing the angular gap between its arms. It is also observed that the electromagnetic parameters (such
as permittivity and permeability) of metamaterials can be tuned as per our requirement by varying the angular
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gap. © 2014 Optical Society of America
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1. INTRODUCTION

Metamaterials have been in prime focus for the past few years
with the number of publications and patents increasing expo-
nentially due to their highly uncommon electromagnetic prop-
erties and applications such as negative refraction, reverse
Doppler effect, flat lens, cloaking, etc. [1-17]. It is possible
to design metamaterials due to the dispersive nature of mate-
rials, i.e., electric permittivity and magnetic permeability are
functions of the radiation frequency [1-3,10]. Metamaterials
provide precise control over the flow of electromagnetic
waves [9]. The main challenge in the design of metamaterials
is to design a structure that shows electric permittivity and
magnetic permeability simultaneously negative for the desired
frequency range within its characteristic size [1-3,8].

Due to this challenge and uncommon electromagnetic
properties, it took a long 30 years after Veselago in 1968
[1] for the practical realization of metamaterials by Smith et al.
2000 [7], who used metallic split ring resonators (SRRs) of di-
mension smaller than the wavelength of light as basic building
block (basic units) of a metamaterial. After Smith et al.,
scientists proposed various different metamaterial unit
structures such as Q-shaped, circular, U-shaped, S-shaped,
I-shaped, H-shaped, asymmetric-type split ring structures, to
name a few, for various applications such as antenna and
optical sensing [18-24].

In almost all cases, SRRs are fabricated as periodic arrays
of metallic structures whose dimensions are smaller than the
wavelength of radiation. The collective oscillations of con-
ducting electrons in these metallic structures (known as local-
ized surface plasmon) determine the overall electromagnetic
response of the entire material [25-31]. By adjusting the

0740-3224/14/071410-05$15.00/0

(160.3918) Metamaterials; (350.3618) Left-handed materials; (220.4241) Nanostructure

dimensions and geometries of these SRRs, a customized
electromagnetic response can be obtained. The C-shaped
SRR is arguably the most common element used in forming
the basic microstructure of metamaterials resonating in the
infrared regime [26-30]. SRRs, in their fundamental reso-
nance, behave as LC oscillatory circuits containing a single-
turn magnetic coil of inductance in series with a capacitance
produced by the gap between the arms. For normal incidence
with TE polarization mode, with an incident electric field
across its gap, the electric field couples with the capacitance
of the SRR and generates a circulating current across it. This
circulating current induces a magnetic field at the bottom of
the SRR that interacts with the external field to generate the
magnetic resonance identified as an LC resonance by Linden
et al. [32]. The LC resonance of the SRR is given as ¢ =
1/./LC and is inversely proportional to the size (dimension)
of SRRs. For the TM polarization mode, where the electric
field is perpendicular across the SRR gap, no circulating cur-
rent could be produced and therefore results in no LC reso-
nance only with the plasmon resonance being present.

In this paper, we report on the fabrication and character-
izations of a V-shaped SRR metamaterial and have shown
its angular-gap-dependent tunable negative refractive index
(NRI) characteristics. The reported V-shaped SRR structure
and angular-gap-dependent NRI, to the best of our knowledge
is so far not studied. The unique property of this structure is
that by varying the angular gap between its arms, we can
change the capacitance (C) for the structure, and hence we
can tune and control the NRI. We experimentally and compu-
tationally investigated the interdependence of the capacitance
(C) and inductance (L) of the structure, and we observed that

© 2014 Optical Society of America
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by changing the angular gap of V-shaped SRRs, it is possible to
control/tune their NRI at the corresponding resonance wave-
length. Exploiting this important result for the extraordinary
electromagnetic properties of the reported structure, we can
use this structure for tunable metamaterial devices, e.g., the
design of receiver and transmitter antenna for the desired
frequency/application range.

2. FABRICATION AND MEASUREMENT

A 2D array of ~50 nm thick gold based V-shaped SRRs were
fabricated on n-doped silicon substrate over an area of ~300 x
300 pm using a combination of electron beam lithography
(EBL) technique and metal lift-off. The width of the arms
for the V-shaped structure was kept at ~0.1 pm and the

Angular gap (o) L M N
(Degree) (pm) | (um) [ (um)
0° 1 1 1
20° 1 2 L1
40° 1 Z L1
60° 1.2 2 L1
90° 1.6 2 1.05
120° 2 2 1.05
1500 2.667 2 1
180° 1 1 1.233
() @

Fig. 1. Geometry and dimensions of the reported structure.
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arm length at ~1 pm. We fabricated and studied eight different
samples of reported structure with angular gap of 0°, 20°, 40°,
60°, 90°, 120°, 150°, and 180°. The reflectance measurements
were done using a Nicolet continuum Fourier transform infra-
red (FTIR) spectroscope fitted with a case grain objective of
10x magnifications and an NA of 0.25. A zinc selenide polar-
izer was used to polarize the incident light. The measurements
were taken for both orthogonal linear polarizations of the in-
cident light (TE and TM polarization) and were then normal-
ized with respect to the reflectivity of a bare silicon substrate.
All measurements were taken at normal incidence.

Figure 1 shows the geometry and dimensions of the re-
ported structure. Figure 1(a) shows the geometry of the struc-
ture for angular gap of a° (a may be 20°, 40°, 60°, 90°, 120°,
150°); Fig. 1(b) is for an angular gap of 0°, which looks like
single arm or longitudinally parallel rods; similarly Fig. 1(c)
shows the structure for an angular gap of 180° where both
arms open in the opposite direction and look like horizontally
parallel rods. Figure 1(d) charts the dimension of all the sam-
ples for a different angular gap.

3. MODELING AND SIMULATION

Modeling and simulation for reported V-shaped metamaterial
is performed using the Omnisim FDTD simulation package of
Photon Design, UK. We used the Drude model to describe the
complex dielectric constant of the gold layer. The reflection
and transmission spectra for the modeled structures are
simulated as a function of wavelength.

4. RESULTS AND DISCUSSION

The reflectance resonance response (both experimental and
simulation) of samples with an angular gap of 20°, 60°, and
120° are shown in Fig. 2. The 0° and 180° angular gap
samples (having minimum and maximum gaps) represented

Angular
Gap 'a’ SEM Experimental Reflectance Spectra Simulation Reflectance Spectra
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40 100 200 28 31 £ 49 26 3.1 3.6 4.1 4.6
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60 ’ Sos8
s g
s )
©0.6
3o g
60 g
30 g04
e
- : €02
o v . = 0
28 38 48 568 68
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4o 2075
= g
= g
g 100 £05
120 i i
% Zozs
&
° . o+
26 36 56 66 2.6 3.6 4.6 5.6 6.6
‘Wavelength (micrometer) Wavelength (um)

Fig. 2. Reflection spectra for SRR structure samples of 20°, 60°, and 120° angular gap; first column shows scanning electron microscope (SEM)
images of the samples; second column shows experimentally obtained reflection spectra for both TE and TM polarization; third column shows

reflection spectra obtain by FDTD simulation.
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horizontal metallic rods instead of SRRs and produced no sig-
nificant resonance response, as expected. But the LC and plas-
mon resonance response is significant and observable for the
structures with the angular gap (a) of 20°, 40°, 60°, 90°, 120°,
and 150° for the TE polarization mode with the electric field
parallel across the SRR gap. The most significant observation
is that position of LC resonance peak in the samples varying
from 3.6 to 5.6 pm wavelength ranges by varying the angular
gap from 20° to 150°, respectively. These experimental obser-
vations were confirmed with the simulation results obtained
from the Omnisim FDTD simulation package within experi-
mental limits.

Figure 3 shows the significant shift in resonance (LC) peak
with respect to the angular gap for TE polarization (experi-
mental as well as simulated).

The characterization of metamaterial structure in terms of
its electromagnetic parameters, such as the real and imagi-
nary value of electrical permittivity, magnetic permeability, re-
fractive index, and impedance etc. are required to exploit its

64 * Simulation 4 Experimental

* ® B

Wavelength (um)

0 # T T T T i 1
0 40 80 120 160 200
Angular Gap (0)

Fig. 3. Position of LC peak with respect to angular gap.
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amazing electromagnetic properties. In the recent past, sev-
eral methods have been reported for the characterization of
metamaterials and to evaluate their electromagnetic parame-
ters [33—41]. We used the Minowa et al. method [41] to com-
pute the electromagnetic parameters by using the reflection
and transmission coefficients obtained by simulation results.
The following formulas are used:

s TP-(1+R)?

FE ARy @
¢ 1+2R 1

=g ™5 ) @

7 =Tel™), 3

R =-R, )

=2 ®)

¥4
U =nz, ©)

where T is the transmission coefficient, R is the reflection co-
efficient, d is effective thickness of the gold layer, c is the
velocity of light in vacuum, @ = 2z/4, z is the impedance,
n is the refractive index, ¢ is the electric permittivity, and u
is the magnetic permeability.

From Fig. 5, it is clear that the refractive index is negative
for the reported structure at the LC resonance frequency. This
observation confirms that our structure is behaving as NRI
metamaterial at corresponding resonant frequency.
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Fig. 4. Electromagnetic parameters with respect to wavelength for SRR structure samples of 20°, 60°, and 120° angular gaps; first column shows
results for variation in refractive index w.r.t. wavelength for samples; second column shows results for variation in electrical permittivity w.r.t.
wavelength; third column shows results for variation in magnetic permeability w.r.t. wavelength; fourth column shows results for variation in
impedance w.r.t. wavelength (blue curve is for real part; pink curve is for imaginary part).
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Fig. 5. Plot of refractive index against different value of angular gap.

From Figs. 4 and 5, it can be clearly seen that, by changing
the angular gap of the V-shaped SRRs, their LC resonance
position changes, and the NRI of the structure increases
constantly at the corresponding resonance position. This is
significant for practical applications of negative index meta-
materials in waveguides and cloaking because signals ob-
tained near resonance response of materials tend to be
lossy and difficult for real-life applications [24,39]. In case
of V-shaped SRRs, we have the advantage of increasing the
NRI just by increasing the angular gap. To the best of our
knowledge, this facility cannot be harnessed in other struc-
tures, e.g., the C-shaped SRRs. This also proves that the
electromagnetic parameters (such as permittivity and per-
meability) of metamaterials also can be tuned as per our
requirement by varying the angular gap.

5. CONCLUSION

In this paper, we report a new design of a metamaterial struc-
ture, similar to the English letter V, and performed experimen-
tal and computational investigations of the structure. In this
work, we describe the behavior of a V-shaped SRR. By chang-
ing the angular gap of V-shaped SRRs, it is possible to vary the
NRI of the structure. Our experimental results are well cor-
roborated by simulations to show that electromagnetic param-
eters (such as ¢, y, n, etc.) can be tuned with the variation of
the angular gap between the arms of V-shaped SRRs. Thus the
reported structure for the metamaterial will put a significant
mark in the design and development of metamaterials based
optical switch, tunable devices, and sensors etc.
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CHAPTER 6

Summary and future scope

This chapter includes a brief summary of the main results obtained in previous
chapters and the major results of this thesis.

Distinct approaches are studied to develop a deeper understanding of the new
photonic waveguides e.g. photonic crystal fiber and metamaterials and the techniques
for their characterization, in terms of geometrical and waveguiding parameters.

The work in this dissertation has dealt with the theory and experiments for the

characterization of newly designed photonic crystal fiber and metamaterials.

»  The characterization technique for different types of Endlessly Single Mode
Photonic Crystal Fibers (ESM PCFs) in terms of all the key parameters i.e. V-
Number, effective refractive index of the cladding, radius of the core and
numerical aperture using experimentally measured far-field intensity pattern is
developed. It is observed that the transmission characteristics i.e. core diameter,
V-parameter, Effective refractive index of cladding and numerical aperture
obtained from far field measurement match with the SEM data and simulation
results using IEIM within the experimental limits. Thus, characterization of
ESM-PCFs from its far field radiation pattern measurement provides a useful
tool for online characterization of ESM PCFs. It is expected that this method
will serve as standard technique to characterize ESM PCFs and will also be
useful to design and develop application specific ESM PCFs in optical

communication systems.

»  The characterization technique for specially designed polarization maintaining
photonic crystal fiber (PM PCF) in terms of all the key parameters i.e. mode
field diameters (MFD), V-values along major and minor axes, mode field area,
birefringence, core radius, effective refractive index of cladding and numerical
apertures along major and minor axes of PM PCFs using experimentally

measured far-field intensity pattern is developed. It is shown that the
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experimentally obtained geometrical and wave guiding parameters of the PM
PCF match with the manufacturer/simulation/scanning electron microscope
(SEM) data within the experimental limits. This new technique of
characterization will serve as standard technique to characterize PM PCF and
will also be useful to design and develop application specific PM PCF both in
optical communication and in sensor systems.

» A new design of a V-shaped split ring resonator (SRR) metamaterial is
fabricated and characterized and also it has been shown that it is possible to tune
a negative refractive index by changing the angular gap of V-shaped SRR. The
unique property of this new structure is that by varying the angular gap between
its arms, one can change the capacitance (C) for the structure, and hence can
tune and control the Negative Refractive Index (NRI). The experimental and
computational investigation of the interdependence of the capacitance (C) and
inductance (L) of the structure has been done, and it is observed that by
changing the angular gap of V-shaped SRR, it is possible to control/tune their
NRI at the corresponding resonance wavelength. Exploiting this important
result for the extraordinary electromagnetic properties of the reported structure,
the reported structure will put a significant mark in the design and development
of Metamaterials based optical switch, tuneable devices, and sensors etc.

» A new design of a split ring resonance (SRR) based planar metamaterial is
proposed to achieve the negative refraction in optical communication window.
All the key electromagnetic parameters i.e. such as permittivity (g), permeability
(n), refractive index (n) etc have been obtained from the simulation using
propagation characteristics for the reported structure. It is observed and reported
that the electromagnetic parameters (such as permittivity (¢) and permeability
(w)) as well as the refractive index for the reported structure is negative in broad
optical communication windows of 1.4um to 1.6um. The reported structure
provides a way to build the device such as sensors, cloaking device etc. in the
range of optical frequency using the property of negative refraction within very
small characteristic size. This achievement opens the way to advance
metamaterial technology in optical frequency range for the design of nano-scale

optical devices.
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There are numerous possibilities to extend the work using the technique developed
and also by using the results discussed in this thesis. Some of them are briefly
outlined below;

New designs of PCFs are being reported due to inherit advantages of this
characterization of fiber. Technique used for characterization of PCFs in this thesis
has a distinct possibility to design and develop online characterization technique for
futuristic photonic crystal and other micro-structured fiber.

Further, a knowledge of geometrical and waveguiding parameters are enhanced to
design fiber optic based devices, therefore the research work carried out in this thesis
will be helpful for design and development of emerging devices based on photonic
crystal in general and on photonic crystal fiber in particular.

The method will also be useful to design and develop application specific PM PCF for
both optical communication and in sensor systems.

Next, Characterization technique for different new PCFs e.g. hollow PCFs, double
clad PCFs can be developed using far-field radiation pattern.

This metamaterial structures and characterization techniques reported in this thesis
will provides a way to build the device such as sensors, cloaking device etc in the
range of optical frequency using the property of negative refraction within very small
characteristics size. Exploiting the important result reported in the thesis for the
extraordinary electromagnetic properties of the structure, the devices based on tunable
metamaterial will be designed and developed e.g. the design of receiver and
transmitter antenna for the desired frequency/application range. This achievement
opens the way to advance metamaterial technology in optical frequency range for the
design of nano-scale optical devices. New design of tunable metamaterial can be
designed for the visible frequency spectrum. This leads to a new revolution to the

photonic device world.
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