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ABSTRACT

Fiber optic systems are important telecommunication infrastructure for world-wide broadband
networks. Wide bandwidth signal transmission with low delay is a key requirement in present
day applications. Optical fibers provide enormous and unsurpassed transmission bandwidth with
negligible latency, and are now the transmission medium of choice for long distance and high
data rate transmission in telecommunication networks. Terahertz radiation occupies a middle
ground between microwaves and infrared light waves known as the terahertz gap, where
technology for its generation and manipulation is in its infancy. The frequency band of 0.1-10
THz, known as THz band has brought potential applications in many important fields. For wave
propagation, THz systems use free space as medium. But in free space, waves face many
difficulties which is very big issue for wave propagation. So we have to use guided transmission
instead of unguided transmission. Our main objective is to design an optical waveguide which
will be able to transmit terahertz signal into longer distances. Low material loss and high core
power fraction is major concern for designing a Terahertz photonic crystal fiber. Material loss
occurs due to the use of bulk material in the background of photonic crystal fiber. Several ultra-
low loss terahertz (THz) photonic crystal fibers (PCF) design have been proposed and inquired
precisely. We proposed four photonic crystal fiber designs where two is slotted air hole inside
the octagonal core, another one is slotted air hole inside the hexagonal core and finally last one is
a circular air hole inside hexagonal core. All the simulations are performed with Finite Element
Modeling (FEM) package, COMSOL 5.3b. The design can be fabricated using stack and drilling
method. The investigation results have proved that the designed PCFs shows very low effective
material loss (EML) such as 0.010 cm ™, 0.012 cm ™, 0.025 cm ™ and 0.029 cm ™, at 2.1THz, 1.6
THz, 1.6 THz and 1.7 THz respectively. The core power fractions of those proposed design are
70%, 60%, 50% and 49% respectively. Moreover, other optical parameter of those PCF such as
effective mode areca (EMA), confinement loss (CL), and dispersion have been investigated also.
The proposed PCFs suggested flatted dispersion from 0.70 THz to 2.10 THz, 0.60 THz to 1.60
THz, 0.60 THz to 1.60 THz and 0.50 THz to 1.70 THz. The outcomes indicate that the proposed
PCFs will be good candidates for THz or T-ray transmission as well as in the area of photonic

devices also.

vliPage



Dedication

My respected Parents and adorable Wife

“Without whom none of my success would be possible”

vi|Page



Table of contents

CERTIFICATE OF APPROVAL I

DECLARATION OF CANDIDATE ii

ACKNOWLEDGEMENT iv
ABSTRACT Y
List of Figures Xi
List of Abbreviations Xiv
Nomenclature XV
Chapter 1 1
Introduction 1

1.1 Background 1

1.2 Literature Review 2

1.2.1 Zeonex based research works of elliptical core hexagonal photonic crystal
fiber. 3
1.2.2 Topas based research works of slotted core hexagonal photonic crystal fiber. 3
1.3 Summary of limitations of the existing models of terahertz photonic crystal fiber. 5
1.4 Thesis Objectives 5
1.5 Possible outcomes 6
6

1.6 Thesis Organization

Chapter 2

\‘

Basic theory of PCF
2.1 Numerical Techniques

2.2 Method of mode analysis

o o0 N

2.2.1 Finite element method

vii|Page



2.2.2 Finite element formulation for MOFs

2.3 Perfectly matched layer
Chapter 3

Physical construction of PCF and THz Band
3.1 Background
3.1.1 Construction
3.1.2 Guiding Mechanism
3.1.3Modes of Operation
3.2 THz Band and its Application
3.2.1 Application

3.2.1.1 Information showers
3.2.1.2 Mobile access

3.3 Conclusion
Chapter 4

Design methodology and simulations of proposed PCFs
4.1 Hexa Circular Cladding with Circular Core Structure
4.2 Hexa Circular Cladding with Slotted Core Structure
4.4 Octa square cladding with slotted core structure
4.5 Octa circular cladding with slotted core structure

4.6 Conclusion
Chapter 5

Different Factors and Results of proposed PCFs
5.1 Single mode fiber
5.1.1 Characteristics

5.1.2 Normalized frequency of Octa square cladding with slotted core design.

5.1.3 Normalized frequency of hexagon cladding with slotted core design

vii|Page

10

12

12
12
13
14
15
15
17
17

17

18

19

19
19
20
23
25
26

27

27
27
27

29



5.1.4 Normalized frequency of hexagon cladding with circular core design.
5.1.5 Normalized frequency of Octa circular cladding with slotted core design.
5.2 Multi-mode fiber
5.2.1 Applications
5.2.2 Comparison with single-mode fiber
5.3 Material absorption loss
5.3.1 Material absorption loss of Octa square cladding with slotted core design.
5.3.2 Material absorption loss of hexagon cladding with slotted core design.
5.3.3 Material absorption loss of hexagon cladding with circular core design.
5.3.4 Material absorption loss of Octa circular cladding with slotted core design.
5.4 Mode power propagation
5.4.1 Mode power propagation of Octa square cladding with slotted core design.

5.4.2 Mode power propagation of hexagon cladding with slotted core design.

5.4.3 Mode power propagation of Octa circular cladding with slotted core design.

5.4.4 Mode power propagation of hexagon cladding with circular core design.
5.5 Confinement Loss

5.5.1 Proposed Octa square cladding with slotted core design.

5.5.2 Proposed hexagon cladding with slotted core design

5.5.3 Confinement loss of Octa circular cladding with slotted core design.

5.5.4 Confinement loss of hexagon cladding with circular core design.
5.6 Dispersion

5.6.1 Material and waveguide dispersion
5.7 Dispersion in waveguides

5.7.1 Dispersion of Octa square cladding with slotted core design.

5.7.2 Dispersion of hexagon cladding with slotted core design

5.7.3 Dispersion of Octa circular cladding with slotted core design

5.7.4 Dispersion of hexagon cladding with circular core design
5.8 Effective Area

5.8.1 Effective Area of Octa square cladding with slotted core design

ix|Page

38
39
40
41
42
43
43
44
44
46
46
47
47
48
48
49



5.8.2 Effective Area Octa circular cladding with slotted core design
5.8.3 Effective Area of hexagon cladding with circular core design.
5.9 Numerical aperture
5.9.1 Numerical aperture of Octa square cladding with slotted core design
5.9.2 Numerical aperture of Octa circular cladding with slotted core design
5.9.3 Numerical aperture of hexagon cladding with circular core design.
5.10 Birefringence
5.10.1 Birefringence of Octa square cladding with slotted core design
5.10.2 Birefringence of hexagon cladding with slotted core design
5.10.3 Birefringence of Octa circular cladding with slotted core design

5.11 Conclusion
Chapter 6

Conclusion
6.1. Conclusion
6.2. Possible fabrication methods
6.3. Scope for Future Works

References

Xx|Page

49
50
51
51
52
52
52
53
54
54
55

56

56
56
57
58
59



List of Figures

Figure 2.1

Figure 3.1
Figure 4.1
Figure 4.2

Figure 4.3
Figure 4.4
Figure 4.5
Figure 4.6

Figure 4.7

Figure 4.8
Figure 4.9

Figure 5.1
Figure 5.2
Figure 5.3
Figure 5.4
Figure 5.5
Figure 5.6
Figure 5.7
Figure 5.8

Figure 5.9

Figure 5.10

xi|Page

Example of FEM simulation: (a) Structural design; (b) Subdomain definition; (c)
Setting of the boundary condition; (d) Mesh generation; (e) Post plotting; (f)

Computed effective index curve
Photonic crystal fibers

Cross sectional view of the proposed hexagon porous-core THz fiber

Mode field profiles of the hexagon cladding with circular core fiber for different
porosities

Cross-section of the proposed hexagon cladding with slotted-core THz fiber
Mesh of the proposed hexagon cladding with slotted-core design

Mode field profiles of the proposed for hexagon cladding with slotted-core fiber...

Cross section of the proposed for octa square cladding with porous-core THz fiber

Mode field profiles of the proposed fiber for octa square cladding with porous-
core

Cross section of the proposed octa circular cladding with porous-core THz fiber
Mode field profiles of the proposed fiber for octa circular cladding with slotted
core

V-parameter vs frequency at different core porosities for octa square design
V-parameter vs frequency at different core diameters for octa square design
V-parameter vs frequency for hexagon cladding with slotted core design
V-parameter vs frequency for hexagon cladding with circular core design
V-parameter versus frequency for octa circular cladding with slotted core design.
EML vs frequency at different core diameters for octa square design

EML vs frequency at different core porosities for octa square design

EML vs frequency at different porosities for hexagon cladding with slotted core
design

EML vs core diameter at different porosities for hexagon cladding with slotted
core design

EML vs frequency for hexagon cladding with circular core design

13
19

20
21
22

23

24
25

26
29
29
29
30
30
33
33

34

34
35



Figure 5.11
Figure 5.12
Figure 5.13
Figure 5.14
Figure 5.15

Figure 5.16
Figure 5.17

Figure 5.18

Figure 5.19

Figure 5.20
Figure 5.21

Figure 5.22
Figure 5.23
Figure 5.24
Figure 5.25

Figure 5.26
Figure 5.27
Figure 5.28
Figure 5.29
Figure 5.30
Figure 5.31
Figure 5.32
Figure 5.33
Figure 5.34
Figure 5.35

xii|Page

EML vs core diameter for hexagon cladding with circular core design

EML vs core diameter for octa circular cladding with slotted core design

EML vs frequency for octa circular cladding with slotted core design

Core power fraction vs frequency for octa square with slotted core design

Core power fraction vs frequency for octa square cladding with slotted core
design

Core power fraction vs frequency hexagon cladding with slotted core design
Core power fraction vs core diameter for hexagon cladding with slotted core
design

Core power fraction vs core diameter for octa circular cladding with slotted core
design

Core power fraction vs frequency for octa circular cladding with slotted core
design

Core power fraction vs frequency for hexagon cladding with circular core design
Core power fraction vs core diameter for hexagon cladding with circular core
design

Confinement loss vs frequency for octa square cladding with slotted core design
Confinement loss vs frequency for octa square cladding with slotted core design
Confinement loss vs frequency for hexagon cladding with slotted core design
Confinement loss vs core diameter at for octa circular cladding with slotted core
design

Confinement loss vs frequency for octa circular cladding with slotted core design
Confinement loss vs frequency for hexagon cladding with circular core design
Material dispersion in optics

Mean dispersion in terms of mole

Dispersion vs frequency for octa square cladding with slotted core design
Dispersion vs frequency for hexagon cladding with slotted core design
Dispersion vs frequency for octa circular cladding with slotted core design
Dispersion vs frequency for hexagon cladding with circular core design
Effective area vs frequency for octa square cladding with slotted core design

Effective area vs frequency for octa circular cladding with slotted core design

35
36
36
37

37
38

38

39

39
39

39
42
42
42

43
43
44
45
45
47
47
48
48
49
50



Figure 5.36
Figure 5.37

Figure 5.38
Figure 5.39
Figure 5.40
Figure 5.41
Figure 5.42
Figure 5.43

xiii|Page

Effective area vs frequency for hexagon cladding with circular core design
Numerical aperture vs frequency for octa square cladding with slotted core design

Numerical aperture vs frequency at different porosities

Numerical aperture vs frequency for hexagon cladding with circular core design
Birefringence vs frequency at different core porosities for octa square design
Birefringence vs frequency at different core diameters for octa square design
Birefringence vs frequency for hexagon cladding with slotted core design
Birefringence vs frequency for octa circular cladding with slotted core design

50

51
52
52
53
53
54
55



List of Abbreviations

EML:
FEM:
GVD:
ITU:
LED:
MPOF:
MTIR:
PBG:
PCF:
PC-PCF:
PML.:
PMMA:
SMF:
THF:
THz:
TIR:
VCSEL:
PMC:
PEC:
FDM:
MOF:
FDTD:

Effective Metarial Loss

Finite Element Method

Group Velocity Dispersion
International Telecomunication Union
Light Emmiting Diode
Microstructure polymer optical fiber
Modified Total Internal Reflaction
Photonic Band Gap

Photonic Crystal Fiber

Poras Core Photonic Crystal Fiber
Perfactly Matched Layer
Polymethyl Methacrylate

Single Mode Fiber

Tremendously high frequency
Terahertz

Total Internal Reflection

Vertical Cavity Surface Emitting Laser
Perfact magnetic conductor

Perfact electyric conductor

Finite difference method
Microstructure optical fiber

Finite difference time domain

xXiv|Page



Nomenclature

MNco
MNel
Nmat
Olmat

€0, to

Oleff

Im(neff)

Olcl

o(B

1(r)
Aeft

Nx

xv|Page

Normalized frequency

Refractive index of core

Refractive index of cladding
Refractive index of Topas,tmat

Bulk material absorption loss
Permittivity, permeability

Mode power fraction

Effective material loss

Frequency of the guiding light, c is and symbolizes the
Speed of light in vacuum

Imaginary part of the refractive index
Confinement loss

Electric susceptibility

Angular frequency)

Propagation constant

Transverse electric intensity distribution

Effective area
Birefringence
Refractive index of x pol

Refractive index of y pol


https://en.wikipedia.org/wiki/Electric_susceptibility
https://en.wikipedia.org/wiki/Angular_frequency
https://en.wikipedia.org/wiki/Propagation_constant
https://en.wikipedia.org/wiki/Propagation_constant

Chapter 1

Introduction

In this Chapter, we present an overview of our thesis that demonstrates the motivation behind
this work. To the concurrent and earlier technology adopted to mitigate the effective material
loss, which is the central part of this research work, has been noticeably focused in this chapter.
In section 1.1 we illustrate the background of our research works. Then in section 1.2, 1.3, 1.4
and 1.5 discuss about the literature review, the summery of limitations, Thesis objective and
possible outcomes respectively. Finally we end the chapter with the description of thesis

overview in section 1.6.

1.1 Background
In recent years, enormous efforts have been paid to THz PCFs due to lots of applications in

different fields including remote sensing, imaging, security screening and THz time domain
spectroscopy. Development of low-loss and low dispersion THz PCFs enable variety of
promising applications in Biomedical technology such as non-invasive early diagnosis of skin
cancer including the basal cell carcinoma, dysplastic skin nevi and melanomas of hardly-
accessible skin areas [5]. For propagate the THz waves free space medium are used in the
communication system, this is for creates various types of problems. Lots of barrier displayed for
efficient transmission of THz wave, such as strong water vapor absorption, misalignment issues
and complex integration with other components etc. now a days researchers doing hard work to
develop various forms of waveguide structures to overcome these problems. However, due to the
challenge of dealing with excessive absorption loss, the commercial production of efficient THz
waveguide is lagging behind. A great deal of numerical and experimental researches has been
performed in order to increase the reliability during the transmission of broadband THz waves
through a guiding structure. Now a day’s remarkable success has been achieved in optics sector
of the guiding properties of THz fibers by using comparatively smaller air holes (smaller than
operating wavelength) in the core of the PCF. This type of structure are porous-core PCFs.
Porous-core PCFs have gained increased attention due to freedoms for tuning EML, dispersion
and confinement loss in a smart way [8]. The wave propagation through porous-core PCF is

based on the non-absorbing nature of dry air [9]. Using this formulation, making a tight light

1|Page



confinement in the core and sending most of the mode power into the porous-air holes can
greatly reduce the absorption and confinement loss. For example, the theoretical characteristics
and experimental measurements of groove guide structure have been demonstrated for low-loss
THz signal transmission [10]. A porous-core honeycomb THz fiber has been proposed by [19]
that exhibited low material absorption loss of 1.5 dB/cm at 1.0 THz. However, maintaining of
periodicity during the fabrication of honeycomb structure is too difficult. Porous-core octagonal
PCF has been reported [20] that showed low EML of 0.07 cm-1 at 1.0 THz. In this work, the
authors have not considered few crucial guiding characteristics such as dispersion and power
fraction. A hexagonal PCF with hexagonal porous-air holes has been proposed in [21], where the
reported EML was comparatively higher about 0.12 cm™. Very recently, a porous-core kagome
lattice PCF has been reported in [22] using hexagonal lattice air-holes in the core. This PCF
showed very low EML of 0.035 cm-1 at 1.0 THz. However, owing to complex structure
fabrication of kagome lattice PCF is limited. The structures proposed in Refs. [23-25] also
represent noticeable improvement in terms of EML, confinement loss and power fraction.
Although promising porous core PCFs have been proposed based on the triangular lattice, a
square lattice PCF has never been reported in the literature. Therefore, it is quite interesting to
observe how the guiding properties of square lattice differ from a regular triangular lattice. The
square lattice PCF permits easy fabrication process since it can be realized with standard stack
and draw technique [26, 27]. Moreover, technological feasibility of the square lattice PCF has

already been demonstrated in [28].

1.2 Literature Review
This chapter focused on lots of terahertz photonic crystal fiber design and their results from the

previous and recent research works. Many researches have been made on Photonic Crystal Fiber
and those researches modified the PCF technology. In 1978, the Idea of Bragg fibers that
revolutionized the telecom with components sensors and filters but the major drawbacks
encountered were large no modes travelling in it, their huge size and greater loss [1]. Later in
1992 the fiber design include the mechanism of Total Internal Reflection with a good
perforation in telecommunication except with few problems like limited material choice,
limited core diameter for Single Mode Operation [2]. The photonic coated fiber were

fabricated in 1996 with additional feature of increased durability, high strength designed, high
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temperature resistance accordingly use in nuclear radiations, harsh chemical environments,

Medical applications etc.

1.2.1 Zeonex based research works of elliptical core hexagonal photonic crystal fiber.

Since the terahertz region is situated between the technologically well-developed microwave and
infrared regions, it is amenable to generation and detection techniques from both fields. The
interest in terahertz technology is also growing because of its numerous potential applications.
However, the practical implementation of terahertz is limited because most of terahertz
transmission systems are bulky and mostly dependent on free space for wave propagation. In the
case of free space propagation, a number of undesirable losses can be introduced due to coupling
with other components, transporting and managing of terahertz beams etc. As a primary solution,
prior studies have proposed several waveguides including parallel plates, metallic wires, metal
coated dielectric tubes, polystyrene foams, sub-wavelength polymer fibers, Bragg fibers, and
hollow core fibers [4, 5, 6]. These all possess shortcomings due to higher absorption loss, higher
coupling loss, lower power fraction, and higher bending loss. As an improvement, porous core
PCF [7, 8, 9, 10, 11] has gained considerable attention because of its versatility in enabling
desired wave guide properties. Note that a PCF’s geometrical parameters such as core diameter,
core air hole size and shape, distance between air holes, frequency can be tuned and optimized to
obtain desired properties that enables low loss, controllable chromatic dispersion, high
birefringence, and large modal effective area. There are several studies that considered micro-
structured porous core fibers for operation in terahertz band. In 2008 and 2009, Atakaramians et
al. experimentally characterized porous core PCFs of different geometries [12.13]. Using zeonex
as the background material, they obtained a low birefringence with high dispersion variation in
terahertz frequency band. Later studies examined a dual air hole unit based PCF and showed a
moderate birefringence of 0.033 [14]. Next, without significant improvement in birefringence,
dual asymmetrical based PCF’s were also proposed [15, 16]. Furthermore, Wu et al. proposed a
PCF and obtained a low birefringence with high dispersion variation [17]. But they do not

consider the effective material loss and also the confinement loss.

1.2.2 Topas based research works of slotted core hexagonal photonic crystal fiber.
Recent years many researchers proposed slotted-core PCF incorporating a hexagonal cladding.

They proposed fiber exhibits simultaneously low birefringence and high effective absorption
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loss. Also Slotted fibers with air-cladding, [18] and circular lattice cladding were reported earlier
[21]. But they do not consider the dispersion and effective area. Atakaramians et al. designed
and fabricated a porous fiber [17], [18] with rectangular air-holes that showed a high
birefringence 0f-0.012 at 0.65 1Hz. Chen et al. proposed a squeezed lattice elliptical-hole 1Hz
fiber [19] with a birefringence of the order 102. A plastic based PCF [20] showed high
birefringence of -0.021, but the reported propagation loss was very high. In 2013, Chen et at.
offered a porous fiber with rotated elliptical air-holes [6]. It showed a high birefringence of -
0.045 and a very high effective absorption loss. Most recently, Islam et al. proposed a slotted
core PCF [21] with circular lattice cladding that exhibited a high birefringence of -0.075 with a
low transmission loss. Nevertheless, all these works mentioned in the literature used either solid
air-cladding [10, 17-19] or complex lattice holey cladding [21]. These factors cause high
absorption loss, coupling with external environment and fabrication difficulties resulting in an
overall degradation of the performance of the fiber. A large number of papers have been
published. In 2009, Chen et al. [12] proposed a diamond shaped PCFs that exhibit a
birefringence of 1.0x10 2which is comparatively low. Islam et al.13showed a slotted core PCF
that demonstrates a birefringence order of 7.5x10°% But, the effective material loss (EML) is
0.07 cm* which is comparably higher. Using slotted core kagome THz fiber, a research showed
a birefringence order of 8.22x10 2 and EML of 0.05 cm . However, Cho et al. established a
plastic-based fiber [15] that showed a birefringence of 2.1x10 2 with a propagation loss 400
dB/m which is very high. Elliptical [16, 17] and rectangular air holes [18, 19] were used to
achieve a birefringence in the order of 107 but it can lead to a loss about the order of 400 dB/m.
but in 2015, Islam et al. proposed a solid cladding structure that interacts directly with the
environment which may lead to a high loss medium. However, metallic [20] and polymer [16,
18, 21, 22] waveguides were introduced earlier. Chen et al. proposed a rotational core with solid
air cladding that depicts a birefringence order of 0.045. Squeezed lattice, [22] rectangular slotted
core [16-18] based PCF were reported with birefringence of 0.026. Polymer tubes [23, 24]
showed a high birefringence with high loss structure. The former depicted that slotted core
waveguides [16,18] showed a birefringence of 0.026 with a high loss of 0.07 cm™. Islam et al.
[25] proposed a diamond-core porous fiber which exhibits a birefringence of 102 and EML of
0.07 cm ™. [26] Demonstrated a polarization maintaining slotted core kagome structure which
depicts a birefringence of 8.22x107?and EML of 0.05 cm*. Later, Islam et al. [29] demonstrated
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an asymmetric slotted core crystal fiber which reports the birefringence of 7.5x10 ?and EML of
0.07 cm™*. Later [27] demonstrated a porous-core THz PCF which represents a birefringence of
1.32x10°2. In 2016, Wuet al. represented an oligoporous-core [28] THz PCF which exhibits a
birefringence of 3x10 2. But the confinement loss (CL) increases when core porosity increases.
This is a negative outcome of this experiment. In 2018, Foisal et al. experimented with elliptical
core with slotted air holes [29] and obtained a birefringence of 1.057x10 %, EML of 0.047 and
CL of 9.4x10-3cm *. Later in 2018, Sultana et al. [30] showed an elliptical core PCF with a
birefringence of only 0.086. Also in 2018, Habib et al. [31] proposed a structure with a
birefringence in the order of 1072 and EML is of 0.07 cm ™.

1.3 Summary of limitations of the existing models of terahertz photonic

crystal fiber.

From the literature review of the existing design of Zeonex and Topas based terahertz photonic
crystal fiber, it can be inferred that there are some limitations.

e There are some papers which they founding only on the birefringence of photonic crystal
fiber but confinement loss issue is ignored in that work.

e On the other hand, in some designs, even though a good result is obtained for very small
frequency range.

e Most of the paper proposed Topas based photonic crystal fiber and they exhibits
outstanding results but the common limitation is that the effective material loss
optimization is not up to quantity.

e Research work in being carried out for new design of the terahertz photonic crystal fiber

for reduce the effective material loss and get it more flatten dispersion properties.

1.4 Thesis Objectives

The past few years researchers concentrate their focus on terahertz spectral range (1011 to 1013
Hz) lying between microwaves and infrared bands. THz range has lots of applications. Hence,
present terahertz developments are limited to free-space applications, to designing a THz
photonic crystal fiber which have lots of challenges such as alignment difficulties, path loss, and
uncertain absorption loss. The main obstacle for designing a terahertz waveguide is the high

material absorption loss of the background material. It is possible to reduce the loss by increasing
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the core power fraction and maintaining tight confinement between the air holes of the core. The
main objective of my research work is to design a porous based slotted core photonic crystal
fiber to transmit high frequency THz signal efficiently into longer distances with high core

power and low material absorption loss. The overview of this research work is given as follows:

e To reduce the material absorption loss

To get the maximum confinement.

To get maximum core power fraction.

To develop a flatten dispersion photonic crystal fiber.

To design a single mode fiber.

1.5 Possible outcomes

Outcome of this research will be as follow.
e Effective material absorption loss will be less than 0.030 cm™.
e Confinement loss will be almost 10 cm™.
e Core power fraction will be more than 50%.

e Normalized frequency (V-parameter) will be less than 2.40.

1.6 Thesis Organization

Our paper is organized as follows.

e Chapter 1 signifies the background, literature review and objectives with specific aims.
e Chapter 2 illustrates the basic theory of PCF

e Chapter 3 Physical construction of PCF and THz Band

e Chapter 4 Design methodology and simulations of proposed PCFs.

e Chapter 5 Illustrate details about different factors and results of proposed PCFs

e Chapter 6 represents the conclusion.
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Chapter 2

Basic theory of PCF

This chapter provides the background information necessary to understand the modeling work
done in this thesis. Commonly used methods for modeling of optical fibers cannot be applied
successfully in photonic crystal fiber (PCF) modeling. These fibers have a high refractive index
contrast and a sub-wavelength periodical structure. Therefore, the methods used in modeling
photonic crystals and electromagnetic fields are adopted for this purpose. The chapter starts with
an overview of the differential mathematical problem that needs to be solved in order to study
light propagation in a microstructure optical fibers (MOFs) then the principal simulation methods
so for developed for the study of MOFs. The choice of the finite element method (FEM) as the

preferred method for the transmission studies in PCF.

2.1 Numerical Techniques

There are various numerical methods to find the solutions of Maxwell’s equations derived for
the MOF. Since MOF exhibits higher index difference between core and cladding, the
electromagnetic analysis eventually turns complex. The methods normally used for
conventional fibers are less likely used in MOF as they provide only the approximate solutions.

Maxwell’s vector equation which is used in the analysis of MOFs is written as,

(V2 +K2e(rT ) +[VIne(rT )]JAVA)HT =B2HT 2.1

Where ¢(rT ) is the dielectric constant rT is position in the transverse plane, k = w/c is the

wave vector. The scalar approximate of Eq. (2.1) is given as

VZHT +[K2e(rT )~B2IHT =0 2.2

For solving the Eigen value Eqg. (2.1) or (2.2), various methods have been reported. The choice
of the numerical techniques would depend on the fiber geometry. Some techniques rely on
their symmetry to increase the accuracy of the solution and a few other methods provide better
solution for highly periodic structure but with less complexity. If the MOF has perfect circular

holes, multiple methods is the best and fastest method, White Gaussian functions are used in
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the expanding fields that result in solution for Eq. (2.1). The next accurate method is the finite
difference time domain (FDTD) technique. But, it requires a large memory space for solving
higher dimension fiber structure. A relatively less frequently used approach is the source-model
technique which uses two sets of elementary sources to determine the field both inside and
outside the silica regions. Finally, the fastest and versatile method for complex structure is the
finite element method (FEM) which is discussed in detail in the next section. The above
discussed methods are used to analyze the field distributions in the PCF.

2.2 Method of mode analysis

In mode-solving analysis, the values of  or ner and the corresponding electric or magnetic fields
are to be determined by solving the governing wave equation, which is practically an eigenvalue
problem. One way to solve it numerically is by translating the partial difference equation or
ordinary differential equation into a system of algebraic equations through discretization. Hence
the problem becomes a matrix eigenvalue problem with B, or n% as the eigenvalue and the
corresponding modal field as the eigenvector. The numerical methods developed within this
work are based on this approach. In this sub- section, we will briefly introduce these numerical
methods, i.e. finite difference method (FDM) and FEM, which will be used in other chapters of
this thesis. For simplicity, we will initially consider structures with 1-D cross-section to illustrate
the methods. Later on, we will also briefly show the extension into 2-D cross sectional problem

by using the FEM and the effective index method.

2.2.1 Finite element method

Finite element method is a general and proven technique for the engineering applications like
structural analysis. It is an appropriate tool for solving the partial differential equations. When
compared to other numerical methods, FEM provides relatively more accurate solutions for

complex shapes and structures. Basically it involves the following four steps

e Discretizing the solution region into finite number of sub-regions
e Deriving the governing equations for a typical equation
e Assembling all the elements in the solution region

e Solving the system of equations
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2.2.2 Finite element formulation for MOFs

The FEM is a full-vector analysis suitable for modeling MOFs with large air-holes and high-
index variations, and also for accurately predicting their properties [12]. Perfectly matched layer
(PML) is the boundary condition that is used for the analysis of MOFs. As a first step in FEM,
the fiber cross-section is divided into small segments using any one of the FEM meshing
elements. Fig. 2.1 shows the subdivided cross section of PCF using triangular elements. In FEM,
there are different types of meshing elements such as linear, quadratic and cubic ones. The
elements can be chosen according to the shape of the structure and the required accuracy of the
solution. The Eq.2.2 can also be written as [13].

Ax (n?AxH)—K;=0 2.3

Where n is the refractive index and kO is the free space wave number. By applying the
Garlerkin’s or FEM procedure the Eq. 2.3 becomes,

dh;

P 2 jnekolM] + ([K] — nZkZ[M])h, = 0 2.4

dz?2 dz

[M]

By assuming the z directive terms in Eq. (2.4) to zero, we obtain the following eigenvalue

equation
[K1h, = n3k3[M]h, 2.5

where [K] and [M] are the finite element matrices, h is the discretized magnetic field vector
consisting of the edge and nodal variables. The matrices [K] and [M] are sparse allowing an
efficient resolution of the equation by means of high performance algebraic solvers for both real
and complex problems. To save computational efforts, structural symmetries can be exploited in
the numerical simulations. Also to increase the speed of simulation and to improve the accuracy
of the field values, one-quarter of the fiber cross section can be used for the meshing, which is
shown in Fig. 2.1. The next important step is to choose the solver which can solve the set of
linear equations. There are variety of solvers used in FEM, the choice of which would depend on
the required accuracy and the available memory space. Recently a number of commercial
packages have appeared that could solve Maxwell’s equations using a finite element combined

with fast matrix eigenvalue solvers. For e.g. COMSOL.
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Figure 2.1: Example of FEM simulation: (a) Structural design; (b) Subdomain definition; (c) Setting of the boundary
condition; (d) Mesh generation; (€) Post plotting; (f) Computed effective index curve

Multiphysics is a powerful FEM package which combines different domains in the simulation. In
order to enclose the computational domain without affecting the numerical solution, anisotropic
PMLs are placed before the outer boundary. This is discussed in detail in the next subsection.

2.3 Perfectly matched layer

From the implementation point of view, it is more practical to describe the PML as an
anisotropic material with losses. The PML can have arbitrary thickness and it is assumed to be
made of an artificial absorbing material. The material has anisotropic permittivity and
permeability that match the permittivity and permeability of the physical medium outside the
PML in such a way that there are no reflections [15]. The Fig. 2.1 represents schematic diagram
of transverse cross section of a PCF surrounded by PML regions at the edges of the com-
putational window, where x and y are the transverse directions and z is the propagation After all,
research work in being carried out for new design of the terahertz photonic crystal fiber for

reduce the effective material loss and get it more flatten dispersion properties.
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PML parameter| Region I | Region Il | Region I11
Olx o 1 a
Oy 1 a a

Table 2.1: Parameters oy and oy

Direction. PML regions | and 11 are defined by the x and y directions, respectively. Re- gions 11
correspond to the four corners and ‘W’ is width of the PML. The del operator V in Eq.(2.6) is
defined as

& 0 ~ 0 A 0
V=xaxa—i’+yay—y+zaz—y

0x 0z 2.6

Here, the oy, ay and a, are related to the PML boundary conditions applied at the edge of the
computational window. The as are determined using the by equation 2.7 [16].

3/1‘L'p§ 1.
4mnw3 l (RT)

a=1—j 2.7

Where pgq is the distance inside the PML measured from the interface between the PML and the
edge of the computational window and R; is a theoretical reflection coefficient at the interface
between the PML and the edge of the computational window. The permittivity and permeability
tensors in the PML region are expressed by equation 2.8

[e]PML = gyn? [L], [u]PML = pq [L] 2.8

Where g and o are permittivity and permeability of free space and n is the refractive index with

ra,a,

0
ax
o %L
ay
0 g &%
a, |

The PML parameters ax and ay are given in Table 2.1, and o, will be unity where the wave
propagation is assumed to be along the z direction.
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Chapter 3

Physical construction of PCF and THz Band

Photonic crystal fiber (PCF) is a kind of optical fiber that uses photonic crystals to form the
cladding around the core of the cable. Photonic crystal is a low-loss periodic dielectric medium
constructed using a periodic array of microscopic air holes that run along the entire fiber length.
In PCFs, photonic crystals with photonic band gaps are constructed to prevent light propagation
in certain directions with a certain range of wavelengths. Contrary to normal fiber optics, PCFs
use total internal reflection or light confinement in hollow core methods to propagate light. Light
propagation in PCFs is far superior to standard fiber, which uses constant lower refractive index
cladding. Applications for photonic crystal fibers include spectroscopy, metrology, biomedicine,
imaging, telecommunication, industrial machining and military technology. Photonic crystal

fiber is also known as microstructure fiber.

3.1 Background

The term photonic crystal fiber was first coined by Phillips St. J. Russel in the early 1990s [4].
These are the kind of fibers that offer new and improved features and overcome the limitations of
the conventional optical fibers. Its geometry is such that there is a periodic arrangement of air
holes that run throughout the fiber length. In the beginning hexagonal photonic crystal fiber
structure was designed. With the passage of time, due to advancement in the fabrication
technology many new structures such as triangular, circular, square, octagonal, hybrid, decagonal
and honeycomb PCF is designed to obtain decent guided properties. To improve the performance
of the photonic crystal fiber structures different materials such as silica, tellurite, Teflon, PMMA
and Topas are used. As a result, due to advancement in the fabrication technology PCF results in
low confinement loss, high sensitivity, high numerical aperture, high nonlinearity, large mode
area, highly birefringence, ultra-flattened dispersion, zero flat dispersion and low bending loss
[5]. This can be achieved by changing PCF parameters namely lattice pitch and hole diameter.
Thus these fibers combine the properties of conventional fibers and photonic crystals and thus
possess unique properties which make them superior to the conventional optical fibers. In

comparison to optical fibers, photonic crystal fiber offer design flexibility. Generally, for
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simplicity, most of the photonic crystal fiber are fabricated using silica glass with n = 1.45.
There are two guidance mechanisms depending on the PCF geometry. It includes (1) Index
guided fiber or holey fiber, (2) Photonic band gap fiber. Index-guided fiber consists of the solid
core where light is guided by the modified total internal reflection whereas photonic band gap
fiber has a hollow core and follows photonic band gap mechanism. PCF are widely used in
Spectroscopy, Metrology, Ophthalmology and imaging and in many other applications.

3.1.1 Construction

Generally, such fibers are constructed by the same methods as other optical fibers: first, one
constructs a "preform™ on the scale of centimeters in size, and then heats the preform and draws
it down to a much smaller diameter (often nearly as small as a human hair), shrinking the
preform cross section but (usually) maintaining the same features. In this way, kilometers of
fiber can be produced from a single preform. The most common method involves stacking,

although drilling/milling was used to produce the first
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Figure 3.1 Photonic crystal fibers

Aperiodic designs. [7] This formed the subsequent basis for producing the first soft glass and
polymer structured fibers. Most photonic crystal fibers have been fabricated in silica glass, but
other glasses have also been used to obtain particular optical properties (such as high optical
non-linearity). There is also a growing interest in making them from polymer, where a wide
variety of structures have been explored, including graded index structures, ring structured fibers
and hollow core fibers. These polymer fibers have been termed "MPOF", short for
microstructure polymer optical fibers (van Eijkelenborg, 2001). A combination of a polymer and
a chalcogenide glass was used by Temelkuran et al. (2002) for 10.6 pum wavelengths (where

silica is not transparent).
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3.1.2 Guiding Mechanism

In standard optical fiber total internal reflection is the method of guiding light since core
refractive fiber the two light-guiding mechanisms is used. In solid-core photonic crystal fibers,
where light is confined in a higher refractive index region, modified total internal reflection
is exploited, which is quite similar to the guiding mechanism of standard optical fibers. Instead,
when the light is confined in a region with a refractive index lower than that of the surrounding
area, as in hollow-core fibers, it is due to the presence of the photonic band gap.

A. Modified Total Internal Reflection It is possible to use a two-dimensional photonic
crystal as a fiber, by choosing a core material with a higher refractive index than the cladding
effective refractive index. An example of this kind of structures is the PCF with a silica solid
core surrounded by a photonic crystal cladding with a triangular lattice of air-holes. These
fibers, also known as index-guiding PCFs, guide light through a form of total internal
reflection (TIR), called modified TIR. Basically in solid core PCF, core consists of pure silica
whereas cladding contains photonic crystal which has number of air holes that decreases
the refractive index of core. This modified refractive index of cladding which is less than
that of core enable light to travel using phenomenon of modified total internal reflection.
We can better understand the guiding mechanism by comparing it to model filter or sieve. The
cladding of PCF consists of air holes. These air-holes act like strong barriers, so they are
the “wire mesh” of the sieve. The field of the fundamental mode, which fits into the
silica core with a single lobe of diameter between zeros slightly equal (or greater) to 2A, is
the “grain of rice” which cannot escape through the wire mesh. Whereas, the lobe dimensions
for the higher-order modes are smaller, so they can slip between the gaps. When the ratio d/A,
that is the air-filling fraction of the photonic crystal cladding, increases, successive
higher-order modes become trapped. A well geometry design of the fiber cross-section

thus guarantees that only the fundamental mode is guide.

B. Photonic Band gap Guiding When photonic crystal fiber design is completely different form
the traditional ones, which results from the fact that the photonic crystal cladding has greater
refractive index than core. They do not relay on TIR for the guidance of photons. In fact, in
order to guide light by TIR, it is necessary that the core is surrounded by a lower-index cladding

material. But in photonic band gap guiding the core consist of air hole and there are
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no suitable low-loss materials with a refractive index lower than air at optical frequencies.
Thus, light is guided due to the presence of band gap. We know that the photonic crystal allows
only those photons which have band gap greater than that of PCF cladding band gap. So, all
those photons with band higher than PCF band gap evanescent in cladding and the rest
propagate in air core. The first hollow-core PCF had a simple triangular lattice of air-holes, and
the core was formed by removing seven capillaries in the center of the fiber cross-section. In
this type light is guided by using the band gap i.e. only a particular portion can enter in
cladding and rest reflect back and lost in air or hollow core. When white light is launched
into the fiber core, colored modes are transmitted, thus indicating that light guiding exists only in
restricted wavelength ranges, which coincide with the photonic band gap.

3.1.3Modes of Operation

Photonic crystal fibers can be divided into two modes of operation, according to their mechanism
for confinement. Those with a solid core, or a core with a higher average index than the
microstructure cladding, can operate on the same index-guiding principle as conventional optical
fiber — however, they can have a much higher effective- refractive index contrast between core
and cladding, and therefore can have much stronger confinement for applications in nonlinear
optical devices, polarization-maintaining fibers, (or they can also be made with much lower
effective index contrast). Alternatively, one can create a "photonic band gap™ fiber, in which the
light is confined by a photonic band gap created by the microstructure cladding — such a band
gap, properly designed, can confine light in a lower-index core and even a hollow (air) core.
Band gap fibers with hollow cores can potentially circumvent limits imposed by available
materials, for example to create fibers that guide light in wavelengths for which transparent
materials are not available (because the light is primarily in the air, not in the solid materials).
Another potential advantage of a hollow core is that one can dynamically introduce materials
into the core, such as a gas that is to be analyzed for the presence of some substance. PCF can
also be modified by coating the holes with sol-gels of similar or different index material to

enhance its transmittance of light.

3.2 THz Band and its Application

Terahertz radiation — also known as sub millimeter radiation, terahertz waves, tremendously high

frequency [1] (THF), T-rays, T-waves, T-light, T-lux or THz — consists of electromagnetic
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waves within the ITU-designated band of frequencies from 0.1 to 30 terahertz (THz) [2]. One
terahertz is 1012 Hz or 1000 GHz. Wavelengths of radiation in the terahertz band
correspondingly range from 1 mm to 0.1 mm (or 100 pm). Because terahertz radiation begins at
a wavelength of one millimeter and proceeds into shorter wavelengths, it is sometimes known as
the sub millimeter band and its radiation as sub millimeter waves, especially in astronomy.
Terahertz radiation can penetrate thin layers of materials but is blocked by thicker objects. THz
beams transmitted through materials can be used for material characterization, layer inspection,
and as an alternative to X-rays for producing high resolution images of the interior of solid
objects. [3] Terahertz radiation occupies a middle ground between microwaves and infrared light
waves known as the “terahertz gap”, where technology for its generation and manipulation is in
its infancy. It represents the region in the electromagnetic spectrum where the frequency of
electromagnetic radiation becomes too high to be measured digitally via electronic counters, so
must be measured by proxy using the properties of wavelength and energy. Similarly, the
generation and modulation of coherent electromagnetic signals in this frequency range ceases to
be possible by the conventional electronic devices used to generate radio waves and microwaves,
requiring the development of new devices and techniques. Terahertz radiation falls in between
infrared radiation and microwave radiation in the electromagnetic spectrum, and it shares some
properties with each of these. Like infrared and microwave radiation, terahertz radiation travels
in a line of sight and is non-ionizing. Like microwave radiation, terahertz radiation can penetrate
a wide variety of non-conducting materials. Terahertz radiation can pass through clothing, paper,
cardboard, wood, masonry, plastic and ceramics. The penetration depth is typically less than that
of microwave radiation. Terahertz radiation has limited penetration through fog and clouds and
cannot penetrate liquid water or metal. [5] Terahertz radiation is not ionizing yet can penetrate
some distance through body tissue, so it is of interest as a replacement for medical X-rays. Due
to its longer wavelength, images made using terahertz waves have lower resolution than X-rays
and need to be enhanced (see figure at right). [4] The earth's atmosphere is a strong absorber of
terahertz radiation, so the range of terahertz radiation in air is limited to tens of meters, making it
unsuitable for long-distance communications. However, at distances of ~10 meters the band may
still allow many useful applications in imaging and construction of high bandwidth wireless
networking systems, especially indoor systems. In addition, producing and detecting coherent

terahertz radiation remains technically challenging, though inexpensive commercial sources now
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exist in the 0.3-1.0 THz range (the lower part of the spectrum), including gyrotrons, backward

wave oscillators, and resonant-tunneling diodes.

3.2.1 Application

Appearance of THz communications brings to life several groups of potential applications. Some
of them present the evolution of existing ones, while the others are almost infeasible without the
discussed technologies. This section enumerates the major applications and usage scenarios for
THz communications and well as briefly mention the motivation for them and the envisioned

benefits.

3.2.1.1 Information showers

The inherently small communication range of THz cells inspired the community to search for the
scenarios, where small (few meters radius maximum) and extremely high-rate (up to Tbps) cells
can be used in the most efficient way. This group of ideas is typically branded as “information
shower” or, less frequently, “data shower”. The concept suggests deployment of THz access
points (APS) in the areas with high human flow (e.g. gates to the metro station, public building
entrances, shopping mall halls, etc.). With such a deployment strategy, each of the passing users
is able to receive bulk data (up to several GBs), just while passing this AP. Such information
showers can be used do seamlessly deliver software updates as well as other types of heavy
traffic, such as high-quality video (e.g. a movie to watch in a train). As the contact time between
the user’s terminal is very small (in the order of seconds), the introduction of information
showers to the existing networking architecture requires partial redesign of several layers to
enable fast nodes association and authentication as well as timely content delivery to the
appropriate information shower and caching it there. Meanwhile, it has been recently
demonstrated that in certain scenarios introduction of just few THz APs and forwarding all the
heavy and delay-tolerant traffic to them whenever possible, allows to substantially off load the

macro-scale network [11].

3.2.1.2 Mobile access
The applicability of THz communications to typical usage scenarios (e.g. indoor WLAN access)
is limited due to considerable propagation losses. This could be addressed by trading the capacity

of THz access points for coverage, primarily by reducing the utilized bandwidth and moving the
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entire communications from above 1 THz to the so-called “lower terahertz” carriers around 300
GHz. As a result, it is possible to create reliable wireless links over tens of meters while retaining
the capacity of tens of gigabits per second, which makes Wi-Fi-like THz access points (or even
femto-cells for cellular access) become feasible. This application is both one of the most
desirable ones, but also very challenging due to requirement of reliable beam tracking and

effective medium access control.
3.2.1.3 Security-sensitive communications

An ability to create highly directional beams with miniature size antenna arrays in conjunction
with the high theoretical capacity of THz links results in a number of benefits for the security-
sensitive usage, especially in military applications. The typical military scenario presents a battle
field with numerous heterogeneous units (soldiers, armored personnel carriers, tanks, etc.)
forming a THz ad hoc network. The primary advantage of the considered technology in
comparison to lower frequencies is a physical inability to eavesdrop or even notice the
transmission for any node located outside the transmitter beam. Therefore, the security of the
transmitted data can be ensured not only by the proper encryption scheme, but also by the
geometry of the network itself. The idea of utilizing directional THz antennas to improve the
security of the military links has been recently expanded for the civil use as well. Particular use
cases range from the ATM with wireless authentication up to the kiosk downloading. The nature
of THz links with limited communication range and narrow beams also provides fruitful ground

for the physical layer security techniques.

3.3 Conclusion
Photonic crystal fibers (PCFs) are a new class of optical waveguides, which have attracted large

scientific and commercial interest during recent years. PCFs are microstructure waveguides, in
silica or polymer, with a large number of air holes located in the cladding region of the fiber. In
PCFs, light can be guided either by effective index mechanism related to the modified total
internal reflection (TIR) or through light confinement by the photonic band gap (PBG)
phenomenon. By introducing different gases, liquids or solid materials into the air holes, the

propagation parameters of PCF can be finely tuned, providing new functionalities.
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Chapter 4

Design methodology and simulations of proposed PCFs

4.1 Hexa Circular Cladding with Circular Core Structure

A noble structure of photonic crystal fiber has been suggested to minimize the effective material
loss. The cross-sectional panorama of the proposed design is displayed in Figure 4.1. Five rings
are used for hexagon cladding structure. The diameter of each air hole in the cladding is denoted
by d. In the cladding the center to center distance between two adjacent circular air holes is
denoted by A and A;. The distance between two adjacent air holes lies in the same ring are

denoted by A; and that lies in the other ring denoted by A. They are connected with each other
by A1=0.98 A.
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Figure 4.1 Cross sectional view of the proposed hexagon porous-core THz fiber

The diameter of the proposed core structure is demonstrated by D. The core structure of the
proposed design is a combination of six large air holes which is denoted by D; and 23 small air
holes which are denoted by D, respectively. The diameter of the D1 is forty-two times of porosity
and the diameter of the D, is the fourteen times of porosity. Topaz has been used as a
background material of this proposed fiber because it offers superior glass transition temperature

than Zeonex and also it has lower bulk material absorption loss than PMMA and Teflon. The
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structure of our proposed photonic crystal fiber (PCF) is designed and theoretically investigated
using full vector finite element method (FEM) based software COMSOL Multiphysics 5.3 a. To
absorb the scattered electromagnetic waves toward the surface, a perfectly matched layer (PML)
is used outside the cladding area and the thickness of the PML region used for the calculation is
about 7% of the total fiber radius. User controlled mesh size were used for getting the best result
in this fiber. The complete mesh of the fiber consists of 81606 element, 7684 boundary elements,
484 vertex elements and the number of degrees of freedom solved for 571691 and the average
element quality was 0.4031.
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Figure 4.2: Mode field profiles of the hexagon cladding with circular core fiber for different porosities.

Figure 4.2 shows the mode field distributions of the proposed PCF for both x-polarization and y-
polarization at different core porosities. It is clearly evident from the figure that the mode power
is tightly confined within the porous core, which is essential for the transmission of THz waves.
As the porosity is increased, the difference in refractive index between the core and the cladding
reduces. As a result, the mode field starts to spread out towards the cladding region, which can

be observed from the figure.

4.2 Hexa Circular Cladding with Slotted Core Structure

Figure 4.3 depicts the cross-sectional view of the slotted core PCF. As we can see here, the
structure has a compact arrangement of circular air holes in the cladding region forming a regular
hexagon while in the core; we have rectangular slots of variable lengths. The overall geometry
having a diameter of 1633 um contains 5 layers of circular air holes in the cladding, 13
rectangular slots in the core and we introduce asymmetry in the core intending to achieve ultra-

high birefringence. This number is carefully selected to transmit maximum power through the
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Figure 4.3: Cross-section of the proposed hexagon cladding with slotted-core THz fiber

slots i.e. to improve the core power fraction. Additionally, it allows sufficient separation between
two adjacent slots so that overlapping between air slots do not occur. The air holes in the
cladding region have a diameter d, the distance between two adjacent air holes in the same layer
is denoted by A; and distance between air holes in the adjacent layer is represented as A and
relation between them is A; = 0.98 A. In the core, the center to center distance between two
consecutive rectangular slots is denoted by p in the figure, and the value has been set to 10 pum.
The maximum length L of the slot is chosen to be in the middle, and gradually it reduces to the
minimum length in the outermost slot. And the width of each slot in the core is represented by
W. The width has been chosen tactically so that we can control the porosity of the material. The
ratio of the area of all the slots to the overall area of the core is defined as porosity. The length of
three slots in the center is L and is equal to 310 um. Now the length of the successive slots on
both sides is 275 pm, 240 pum, 220 um, 200 um, and 150 um. In figure 4.4, one-fourth of the
total mesh of our design is shown. For our design, the complete mesh of the fiber consists of
14008 elements, 2122 boundary elements, and 76 vertex elements, and the number of degrees of
freedom solved for is 98277. Finer mesh analysis is employed here to find these values. The
minimum element quality of about 0.4569 is obtained from this mesh analysis. An artificial
absorbing layer, known as the perfectly matched layer (PML) is imposed on the outer cladding in
order to limit the computational domain, to provide anti-reflectivity, to absorb the
electromagnetic field propagating towards the surface and to calculate the confinement loss.
During the simulation, the PML thickness of the fiber was optimized first by running several
subsequent simulations. The optimized thickness was kept 7% of the total radius of the fiber in

the rest of the study.
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Perfectly Matched Layer (PMVIL)

Perfect Magnetic Conductor (PMC)

Perfect Electric Conductor (PEC)
Figure 4.4: Mesh of the proposed hexagon cladding with slotted-core design

We have chosen TOPAS (the trade name of Cyclic Olefin Copolymers) as the host material of
our PCF for its excellent innate characteristics. It has a constant refractive index of 1.53 in the

range of 0.1 - 2.0 THz [41], negligible bulk material absorption loss (0.2 cm™ at f = 1 THz) [21],
insensitivity to humidity [56], the fact that it’s suitable for bio-sensing and research [57].

Figure 4.5. Mode field profiles of the proposed for hexagon cladding with slotted-core

Moreover, it shows low dispersion, low confinement loss, and proper protection against water
vapor absorption [21]. For efficient transmission of the THz wave, the electromagnetic field
should be tightly confined in the core region. The fundamental mode field profiles of the
proposed PCF for the two orthogonal polarization components at 70%, 80% and 90% core
porosities are shown in figure 4.5. The following figure unveils that the light is confined tightly
in the core region. It is unquestionably evident from the above figure that increasing the core

porosity results in the spreading of mode power towards the cladding region. Since the increment
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of core porosity causes the reduction of index contrast between core and cladding, the guiding
modes tend to spread into the cladding region.

4.4 Octa square cladding with slotted core structure

The cross section region of this proposed photonic crystal fiber is shown in Figure 4.6. In this
figure, the complete cross section of the proposed porous-core THz fiber is shown with an
enlarged view of the porous core. The structure of the PCF is designed by using commercially
available software COMSOL 5.3a. TOPAS is used as a background material of this proposed
fiber and air is used as a material of the core and cladding region. We have proposed an
octagonal shaped cladding region to fortify low effective material loss, high core power fraction
along with flatten dispersion properties. Many shapes have been assessed before but the structure
we are examining here gives more precise and satisfactory result than the previously discussed
ones. This PCF's cladding region is modeled as an octagonal form composed of a mixture of
octagonal and square air holes. Four square buildings surround one octagonal structure in the
cladding. The key region is the structure of slotted air holes in the core. The slotted structure
plays a vital role in enriching the confinement and subsequently minimizing the EML. The PML

(perfectly matched layer) is appointed through the outer circle in the structure. PML is used to

DCOI’E

Figure 4.6: Cross section of the proposed for Octa square cladding with porous-core THz fiber

Protect light against reflection and simulation requires it. But practical characterization requires
no assistance of PML. The PML thickness is kept at 5 percent of the complete radius of fiber.
User-controlled mesh size has been used in this fiber design to achieve more accurate outcome.

The fiber's full mesh consists of 294062 element, 31632 boundary elements, 908 vertex elements
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and the number of degrees of freedom solved for is 34224 and the average element quality was
0.4156. The distance between two octagon and square structure in cladding region are denoted
by D; and D; respectively. The core diameter of the proposed structure is defined by D.
octagonal shape core consists of fourteen rectangular slots, where W is the width of each
rectangular slot and L is the length of each rectangular slot. The length of the rectangular slots of
the core of this proposed fiber is shortening gradually even though they all bear the same width.
The length of the all slots in the core is kept fixed. We varied only the width and the width is
varied by varying the core diameter and core porosity which is formed by the following equation

given bellow

W = porosity x0.647072952x zx(D/2)° / (L+ L, + L, +L, +L,) ,

Where, L is the length of the center rectangular slot of the core. The lengths of the five center
rectangular slots (2 on the left of the center one, 2 on the right of the center one and the center
one) are same and L;, Lo, L3, L4 represents the other slots from the center respectively. Each slot
is separated from other slot by 0.097*p which contributes for keeping the slot free from
overlapping. The dimensions of L are 368 um, L; is 333 um, L, is 278 um, L3 is 223 um, and L4
is 162 um respectively. Pitch is defined by the distance of center to center from one slot to other.
This is denoted by P. The distance between two centers of the core slot has been set at a value 28

im.
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Figure 4.7. Mode field profiles of the proposed fiber for Octa square cladding with porous-core.

Figure 4.7 shows the mode field distributions of the proposed design for both x- and y-
polarizations at different core porosities. It is clearly apparent from the figure that the mode
power is firmly confined within the porous core, which is essential for the transmission of THz

waves. As the porosity is augmented, the difference in refractive index between the core and the
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cladding reduces. As a result, the mode field starts to spread out in the direction of the cladding
region.

4.5 Octa circular cladding with slotted core structure

We proposed another novel structure of PCF for reduce the effective material loss and to flatten
the dispersion properties respectively. Based on the Finite Element Method (FEM),
commercially available software COMSOL Multiphysics 5.3 a has been used to design and
generate results.
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Figure 4.8: Cross section of the proposed Octa circular cladding with porous-core THz fiber.

The schematic diagram of the proposed design is shown in Figure 4.8 with extended view of the
porous core. Here the cladding structure is framed by customary octagon shaped air gap and
circular air gap. It is designed in such a way, that every octagon is fastened by round about air
gap. The octagonal shaped core is formed by thirteen rectangular air slots. The core diameter is
defined by D. L is the length and W is the width of the slotted core. The distance from center to
center from one slot to other slot is called pitch. This is denoted by P that has the value of 10um.
The dimension of the slotted core length is decreasing gradually except the five center slots.
Only the width, W is varied by altering the core diameter, D and core porosity according to this

following equation

W = porosity x0.647072952x zx(D/2)" / (L+ L +L, + Ly +L,)
Here L is the length of the five center slots and the decreasing slots are denoted by L, L,, L,
and L, respectively. The dimensions ofL, L, L,, L,and L, are 310 pm, 275 pum, 240 um, 220

pum and 200 pm respectively. To avoid overlapping, each slot is separated by 0.097xP from other

neighbor slots. In order to get utmost precision in the simulation, user controlled mesh size is
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selected. The complete mesh of the fiber consists of 10,804 boundary elements, 652 vertex
elements and the number of degrees of freedom solved for 702,958 and the average element
quality is 0.93 and this indicates the computational error is less than 1%. The outer part of the
PCF is surrounded by a perfectly matched layer (PML) boundary condition. This PML boundary
condition protects the PCF from the effect of surrounding environment and also acts as an anti-
reflective layer [29]. The PML of this proposed fiber is 9% of the total radius of the fiber.
Nevertheless, this PML boundary condition is used only for simulation purposes but in practical

characterization of PCF, perfectly matched layer condition does not carry any significance.

(a) (b) (©) (d) (€) (M

Figure 4.9. Mode field profiles of the proposed fiber for octa circular cladding with slotted core

Figure 4.9 shows the mode field distributions of the proposed PCF for both x- and y-
polarizations at different core porosities. It is clearly evident from the figure that the mode power
is tightly confined within the porous core, which is essential for the transmission of THz waves.
As the porosity is increased, the difference in refractive index between the core and the cladding
reduces. As a result, the mode field starts to spread out towards the cladding region, which can

be observed from the figure.

4.6 Conclusion

We investigated an octagonal and hexagonal shaped porous core PCF for Terahertz applications
and analyzed numerically with respect to frequency, core diameter and core porosity. An
octagonal shaped cladding region is used to ensure low effective material loss, high core power
fraction along with flattened dispersion properties. A slotted core PCF is designed here, and its
key feature is ultra-high birefringence and very low EML. Moreover, an adequate amount of
modal power is transmitted through the core that results in high core power fraction, and the

compact arrangement of air holes in the cladding helps to maintain low confinement loss.
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Chapter 5

Different Factors and Results of proposed PCFs

The main aim in the design of PC-PCFs for THz wave guiding is to maximize modal
confinement and reduce the material absorption loss of the fiber. To achieve this aim, the key
design parameters must be carefully selected so that the MTIR can be assured throughout the
transmission process. The region under which the fiber obeys the single mode property in terms
of both core sizes and pumping frequencies is also theoretically characterized. Another important
optical loss that needs investigation is bending loss at small bending since high bending losses
may cause the light to radiate out of the core, which amounts to degradation of light intensity at

the receiver end.

5.1 Single mode fiber

In fiber-optic communication, a single-mode optical fiber (SMF) is an optical fiber designed to
carry light only directly down the fiber - the transverse mode. Modes are the possible solutions
of the Helmholtz equation for waves, which is obtained by combining Maxwell's equations and
the boundary conditions. These modes define the way the wave travels through space, i.e. how
the wave is distributed in space. Waves can have the same mode but have different frequencies.
This is the case in single-mode fibers, where we can have waves with different frequencies, but
of the same mode, which means that they are distributed in space in the same way, and that gives
us a single ray of light. Although the ray travels parallel to the length of the fiber, it is often
called transverse mode since its electromagnetic vibrations occur perpendicular (transverse) to
the length of the fiber. The 2009 Nobel Prize in Physics was awarded to Charles K. Kao for his

theoretical work on the single-mode optical fiber.

5.1.1 Characteristics

Like multi-mode optical fibers, single mode fibers do exhibit modal dispersion resulting from
multiple spatial modes but with narrower modal dispersion. Single mode fibers are therefore
better at retaining the fidelity of each light pulse over longer distances than multi-mode fibers.
For these reasons, single-mode fibers can have a higher Band width than multi-mode fibers.
Equipment for single mode fiber is more expensive than equipment for multimode optical fiber,

but the single mode fiber itself is usually cheaper in bulk. A typical single mode optical fiber has
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a core diameter between 8 and 10.5 um and a cladding diameter of 125 um. There are a number
of special types of single-mode optical fiber which have been chemically or physically altered to
give special properties, such as dispersion-shifted fiber and nonzero dispersion-shifted fiber.
Data rates are limited by polarization mode dispersion and chromatic dispersion. As of 2005,
data rates of up to 10 gigabits per second were possible at distances of over 80 km (50 mi) with
commercially available transceivers (Xenpak). By using optical amplifiers and dispersion-
compensating devices, state-of-the-art DWDM optical systems can span thousands of kilometers
at 10 Gbit/s, and several hundred kilometers at 40 Gbit/s. The lowest-order bounds mode is
ascertained for the wavelength of interest by solving Maxwell's equations for the boundary
conditions imposed by the fiber, which are determined by the core diameter and the refractive
indices of the core and cladding. The solution of Maxwell's equations for the lowest order bound
mode will permit a pair of orthogonally polarized fields in the fiber, and this is the usual case in a
communication fiber. In step-index guides represent by equation 5.1[30].

y =2zt J(n% —n? ) <2405 5.1

C

n., Represents the refractive index of the core region and 7, represents the refractive index of

the cladding region, f is denoted by operating frequency and c is the speed of light in free

space. V-parameter value of a fiber determines whether the fiber is single mode or multi-mode.

A fiber can be single mode when its VV-parameter value less or equal 2.405.

5.1.2 Normalized frequency of Octa square cladding with slotted core design.

Figure 5.1 and Figure 5.2 depict the ability of our proposed photonic crystal fiber to operate in
single mode condition. Our proposed fiber operates as single mode operation as V remains less
than the reference value. After further analysis, we can perceive that V-parameter decreases with
the increase of porosity since with the increase of porosity, refractive indices become lower.
Referring to the equation of determining V-parameter, we can assess that refractive index has an

inverse correspondence to V-parameter value and so does Porosity.
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The reverse case is observed in case of VV-parameter being reduced. From the figure above, we

can assess that V-parameter has a direct correspondence to core diameter. It can also be

confirmed that the single mode operation of our proposed THz fiber occurred at 80% porosity

when core diameter was 280 um and frequency was less than 1.6 THz.

5.1.3 Normalized frequency of hexagon cladding with slotted core design

Figure 5.3 demonstrates the behavior of the V-parameter for different porosities over the
frequency range of 0.5-1.6 THz. It can be noted from figure 5.3 that with increasing frequency,

the value of the V parameter increases. It is due to the reason that, increase in frequency causes a

significant increase of index contrast between effective indices of core and cladding. Therefore V

parameter increases. Figure 5.3 also depicts that the value of normalized frequency is reduced
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Figure 5.3. V-parameter vs frequency at different porosities for hexagon cladding with slotted core design.
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with an increment of the core porosity. When the core porosity is increased, the index difference
between core and cladding reduces, which in terms decreases the value of the V parameter. It is
nicely visualized from figure 5.3 that the value of the V-parameter for our proposed design
remains under 2.405 between frequency ranges 0.5-1.3 THz. So our proposed fiber is a single-

mode fiber, which enhances the long-distance communication applications.

5.1.4 Normalized frequency of hexagon cladding with circular core design.

It can be seen from Figure 5.4 that our proposed fiber operates as single mode operation because
of the value of v parameter is less than reference value. It can be confirmed that the single mode
operation of our proposed THz fiber at 90% porosity when core diameter 280 pum and frequency
less than 1.5 THz.
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——f@— Porosity 50%
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W
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Frequency(THz)
Figure 5.4: V-parameter vs frequency at different core porosities for hexagon cladding with circular core design.

5.1.5 Normalized frequency of Octa circular cladding with slotted core design.
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Figure 5.5: V-parameter versus frequency at three different porosities for Octa circular cladding with slotted core

design
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From Figure 5.5, it is observed that the proposed fiber operates in the single mode operation
because the value of v parameter does not exceed 2.405. Moreover the value of v-parameter
decreases with the increase in porosity.

5.2 Multi-mode fiber

Multi-mode optical fiber is a type of optical fiber mostly used for communication over short
distances, such as within a building or on a campus. Typical multimode links have data rates of
10 Mbit/s to 10 Ghit/s over link lengths of up to 600 meters (2000 feet).

5.2.1 Applications

The equipment used for communications over multi-mode optical fiber is less expensive than
that for single-mode optical fiber. Typical transmission speed and distance limits are 100 Mbit/s
for distances up to 2 km (100BASE-FX), 1 Gbit/s up to 1000 m, and 10 Gbit/s up to 550 m.
Because of its high capacity and reliability, multi-mode optical fiber generally is used for
backbone applications in buildings. An increasing number of users are taking the benefits of
fiber closer to the user by running fiber to the desktop or to the zone. Standards-compliant
architectures such as Centralized Cabling and fiber to the telecom enclosure offer users the
ability to leverage the distance capabilities of fiber by centralizing electronics in

telecommunications rooms, rather than having active electronics on each floor.

5.2.2 Comparison with single-mode fiber

The main difference between multi-mode and single-mode optical fiber is that the former has
much larger core diameter, typically 50-100 micrometers; much larger than the wavelength of
the light carried in it. Because of the large core and also the possibility of large numerical
aperture, multi-mode fiber has higher "light-gathering” capacity than single-mode fiber. In
practical terms, the larger core size simplifies connections and also allows the use of lower-cost
electronics such as light-emitting diodes (LEDs) and vertical-cavity surface-emitting lasers
(VCSELSs) which operate at the 850 nm and 1300 nm wavelength (single-mode fibers used in
telecommunications typically operate at 1310 or 1550 nm). However, compared to single-mode
fibers, the multi-mode fiber bandwidth—distance product limit is lower. Because multi-mode
fiber has a larger core- size than single-mode fiber, it supports more than one propagation mode;
hence it is limited by modal dispersion, while single mode is not. The LED light sources

sometimes used with multi-mode fiber produce a range of wavelengths and these each propagate
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at different speeds. This chromatic dispersion is another limit to the useful length for multi-mode
fiber optic cable. In contrast, the lasers used to drive single-mode fibers produce coherent light of
a single wavelength. Due to the modal dispersion, multi-mode fiber has higher pulse spreading
rates than single mode fiber, limiting multi-mode fiber‘s information transmission capacity.
Single-mode fibers are often used in high-precision scientific research because restricting the
light to only one propagation mode allows it to be focused to an intense, diffraction-limited Spot.
Jacket color is sometimes used to distinguish multi-mode cables from single-mode ones. The
standard TIA-598C recommends, for non-military applications, the use of a yellow jacket for
single-mode fiber, and orange or aqua for multi-mode fiber, depending on type. Some vendors
use violet to distinguish higher performance OM4 communications fiber from other types.

5.3 Material absorption loss

Absorption of signal is a serious loss mechanism in an optical fiber. Absorption occurs in optical
fibers due to the presence of imperfections in the atomic structure of the fiber material, due to
some basic inherent intrinsic material properties and due to some extrinsic material properties.
Imperfections may appear in atomic structure due to oxygen deficiencies and missing of certain
molecules. Diffusion of hydrogen molecules may also induce absorption. But the contribution
from imperfections is relatively small in fiber optic absorption losses. Inherent intrinsic
absorption is caused by basic fiber material properties. If a material is free from impurities and
imperfections, then entire absorption is due to intrinsic absorption. Silica fibers possess very low
intrinsic material absorption. Here absorption is caused by the vibration of silicon-oxygen bonds.
The interaction between these bonds and the electromagnetic field of the optical signal is
responsible for intrinsic absorption. Presence of impurities in the fiber material leads to extrinsic
absorption. This is caused by the electronic transition of metal impurity ions from one energy
level to another. Another reason for extrinsic absorption is the presence of hydroxyl ions in the
fiber. Effective material loss represent by equation 5.2, [30].
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Where, g and o are considered to be the relative permittivity and permeability in vacuum

respectively, nma is the refractive index of Topas,ama IS the bulk material absorption loss, E is
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the modal electric field and S, is the z component of the pointing vector (S, = %(E x
H").z),where E and H are the electric and magnetic fields respectively.Fig.5 depicts the
characteristics of EML as a function of core diameter with different core porosities. From where
it is observed that, for the same porosity values there is a significant change of EML when the
core diameter changes. It is a loss mechanism related to the material composition and fabrication
process of the fiber which results in the dissipation of some of the transmitted optical power as
heat in waveguide. The absorption of light may be intrinsic (caused by one or more major
components of glass) or extrinsic (caused by impurities within the glass).

5.3.1 Material absorption loss of Octa square cladding with slotted core design.

EML increases proportionally with frequency and inversely with core porosity. This occurrence
is related to the number of air holes being used in the designed fiber. As the number of air holes
increases, less amount of material has to interact with light. This results in minimization of ama
(Bulk material absorption loss) and eventually reduction of EML occurs (refer to the above
equation). This concludes that at increasing porosity, we will have minimized EML. This
conjecture is confirmed by Figure 5.6 demonstrating the variation of effective material loss as a
function of frequency for different porosity. Again, when the core diameter increases, the
confinement becomes loose at the core or at the center. Thus interaction of light with material

increases which in result increases the EML.

‘ —‘O—‘po'rosit‘y 86% ‘ 0.06
0.06 +porosity 90% :
: =g porosity 95%
0.05
0.05
A 004
£ 0.04 £
2 2 0.03
= 003 =0
0.02 0.02 =—O— core diameter 290 um |
—4— core diameter 250 um
0.01 0.01 =@ core diameter 220 um -
040506070809 1 1112131415161.71819 2 21 040506070809 1 111213141516171819 2 21
Frequency (THz) Frequency (THz)
Figure 5.6: Effective material loss vs frequency at Figure 5.7: Effective material loss vs frequency
different core diameters for Octa square design at different core porosities for Octa square design

This is demonstrated by Figure 5.7 where variation of effective material loss as a function of
frequency for different diameter is indicated. At higher frequency light is well confined and

therefore it contacts with more TOPAS material which leads to increase the effective material
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loss. From both figures we can deduce that the curve shows a positive increment with increasing
frequency. These results are in accordance with our expectations; because according to the
empirical equation of calculating material absorption loss, EML depends on frequency [44]. The
minimum obtained EML from our proposed photonic crystal is 0.007 cm™, which is better than

previously reported THz photonic crystal fiber [5].

5.3.2 Material absorption loss of hexagon cladding with slotted core design.

We calculated the effective material loss of the proposed fiber as a function of frequency, which
is shown in figure 5.8. It is gingerly visualized that the EML is proportional to the frequency,
which means that the EML increases with frequency. This can be explained by the fact that
stronger confinement occurs for smaller wavelengths and that the core contains a slightly larger
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design

percentage of the bulk material. It is also evident from figure 5.8 that at a fixed frequency, EML
can be reduced by using higher core porosities. Higher porosity assists in reducing the EML
because higher porosity ensures less material inside the core region. Thus the guiding
electromagnetic wave interacts with less amount of material. Therefore, the EML of the
proposed PCF decreases. Figure 5.9 reveals the EML property of the proposed waveguide with
respect to the fiber geometry. EML as a function of core diameter for three different core
porosities (70%, 80%, and 90%) is illustrated in Figure 5.9. It can be seen from the figure that at
a fixed core diameter, the value of EML can be reduced by using higher core porosities. The
physical explanation behind this Phenomenon was given earlier. On the Other hand, this figure
also indicates that for particular core porosity, the EML increases with the increase of core length

because the increased core length increases the effective solid material in the core, therefore,
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EML increases. So the EML for the proposed design at optimum condition is 0.025, and it is
lower than earlier reported THz fibers [1, 13, 14, 58, 64, 68-70].

5.3.3 Material absorption loss of hexagon cladding with circular core design.

Effective material loss is proportional to electromagnetic wave frequency thus it changes
significantly with addition in frequency. From Figure 5.10 we can see that increase in frequency
increases EML. On the contrary, Figure 5.11 represents decreasing EML when core porosity and
core diameter are increased. The reason is, at higher core porosity, a portion of background
material is diminished and the mode power streams to a greater extent through the circular air

slots creating reduction in EML.
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Figure 5.11: Effective material loss vs core
diameter at different core porosities for hexagon
cladding with circular core desian.

Figure 5.10: Effective material loss vs frequency at
different core porosities for hexagon cladding with
circular core desian.

Likewise, when the core diameter is expanded light gets less in contact with the material hence
bulk absorption loss decreases. Simulation result shows that at 290 um core diameter, with a
high porosity of 90%, the proposed fiber demonstrates an ultra-low effective material loss value
of 0.029 cm™.

5.3.4 Material absorption loss of Octa circular cladding with slotted core design.

From Figure 5.12 we can see, EML increases constantly with frequency [30]. On the contrary, in
Figure 5.13 we can see EML is decreasing with both core diameter and core porosity. Core
diameter causes the electromagnetic field to experience a greater amount of the solid material,

which builds the EML. Effective material loss depends on frequency which is exhibited by the
following empirical formula [31]  «(v)=Vv*+0.63v—0.13[dB/cm]
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Where, v is the normalized frequency. From Figure 5.12 and Figure 5.13 at 75% porosities we
found an optimum value of EML 0.013cm™ at 0.4 THz frequency and 280 um core diameter.

5.4 Mode power propagation
The amount of useful power propagating through different regions of the fiber also known as

core power fraction can be calculated by equation 5.3, [32].

[s.A
X 5.3
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Where n represents mode power fraction and X represents the area of interests. To design a
standard PCF, it is necessary to pass most of the useful power through the core air holes. Higher
Dcore increases the core power fraction but this also increases the EML. On the other hand, as the
Dcore decreases EML also decreases but this also decreases the core power fraction. These are
contradictory conditions and needs to select an optimum condition of higher core power fraction
and lower EML. At different core porosities, the characteristics of core power fraction as a
function of core diameter where it can be observed that amount of core power increases with the

increase of core diameter.
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5.4.1 Mode power propagation of Octa square cladding with slotted core design.
Core power fraction is an important parameter for designing a THz photonic crystal fiber. Core
power fraction is defined as power propagating through air hole in the core.
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Figure 5.14: Core power fraction vs frequency at Figure 5.15: Core power fraction vs frequency at
different core porosities for Octa square with slotted different core diameters for Octa square cladding with
core design. slotted core design.

Change in core power with respect to frequency for different core porosities and for different
core diameters. At higher frequency, light is tightly confined in the core which results in
increased ratio of confined area to the total area of the fiber. This phenomenon has been
observed in Figure 5.14 and Figure 5.15 as well, where we see core power increases as frequency
is increased. It is further perceived that the core power fraction increases with the decrement of
core porosity. At higher core porosity light waves are poorly confined in the core and tend to
decrease the core power fraction. The opposite case is observed in case of core diameter. Core
power fraction seems to increase for increased value of core diameter. Since at higher core
diameter, core power fraction is higher as the amount of material used in core increases with core
diameter. This information tells us that core power fraction has direct proportional
correspondence with frequency, core diameter and inverse correspondence with porosity [44].
Our proposed photonic crystal fiber has a core power fraction of 70% for 290 um core diameter

with a core porosity of 80% which surpasses the earlier reported THz crystal fiber [7].

5.4.2 Mode power propagation of hexagon cladding with slotted core design.

Power fraction in air-core refers to the amount of total mode power that propagates through the
air holes of the slotted core. To obtain an ultra-high birefringence and simultaneously avoid the
effects of material absorption in the THz region, the majority of power should be concentrated in

core air holes. Behaviors of mode power fraction of the proposed design at 70%, 80% and 90%
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porosities as a function of frequency are shown in figure 5.16 where we can see that core power
fraction is higher for high frequencies and lower for low frequencies. It is evident from figure 8
that at a fixed frequency, power fraction in core air holes decreases when the core porosity is
scaled up. The reason is that increasing the value of core porosity leads to an increase in the
amount of air volume in the slotted-core region. At a higher porosity, the mode field is
delocalized from the core and spread into the cladding, which results in reduced core power
fraction. It is possible to increase power fraction in air-slots by decreasing the porosity further.
However, that would incur additional EML. Figure 5.17 shows the mutation of core power
fraction as a function of core diameter.
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Figure 5.17.Core power fraction vs core diameter at Figure 5.16.Core power fraction vs frequency at
different porosities for hexagon cladding with slotted different porosities for hexagon cladding with
core design. slotted core design.

From figure 5.17 we can see that core power fraction decreases with increasing core diameter.
Such an incident happens because the light wave is not confined well at higher core diameter.
Thus less amount of power propagates through the core, and as a result, the core power fraction
decreases. The core power fraction of our proposed design is 52% at 70% porosity and core
diameter 270 um and to the best of our knowledge, this result is better than previously reported
[1,12, 14, 62, 68, 71-72] THz photonic crystal fibers.

5.4.3 Mode power propagation of Octa circular cladding with slotted core design.
From Figure 5.18 we can see at 65% and 70% core porosity, the core power fraction increments

with core diameter, yet remains practically level for 75% porosity. By expanding the core
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diameter, the absolute volume of air contrasted with the solid material in the core is expanded,
which increases the power fraction. At fixed diameter and frequency, the power fraction
increases with core porosity which increases the amount of air inside the core. Thus higher
Amount of mode power flows through the core air slots. From Figure 5.19 it is seen core power
fraction increases with frequency. However, at exceptionally low frequencies of around 1 THz,
the core power fraction is practically comparable for 65% and 70% porosity. Because under low
frequency conditions, the confinement of light in the core is low, and subsequently there is

65

o
o
T

=0 porosity 75%

+ porosity 70%

=== porosity 65%

o
o
T

B
o
T

[
o
T

Core Power fraction (%)
N
o

Core power fraction(%)

=0 porosity 75% |
+ porosity 70%
10 = porosity 65% -
50 . . . . . . , . . . . , . . . . . . ,
200 210 220 230 240 250 260 270 280 290 04 05 06 07 08 09 1 11 12 13 14 15 1.6
Core diameter (uzm) Frequency (THz)

Figure 5.18: Core power fraction versus core diameter
at different porosities for Octa circular cladding with
slotted core desian.

[Figure 5.19: Core power fraction versus frequency at
different porosities for Octa circular cladding with
slotted core design.

In significant difference between the core power fractions at these two porosities. Finally,
maximum core power fraction of 60% is obtained at 65% porosity.

5.4.4 Mode power propagation of hexagon cladding with circular core design.

Figure 5.20 displays at 90% and 70% porosity where core power fraction increases with
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frequency. But for 50% porosity increment in core power fraction is comparatively low. At
higher frequency, light is tightly confined in the core which results in increased ratio of confined
area to the total area of the fiber. This phenomenon has been observed in Figure 5.20. By
expanding the Core diameter in Figure 5.21, the absolute volume of air contrasted with the solid
material in the core is reduced, which decreases the power fraction. At fixed diameter and
frequency, the power fraction increases with core porosity which increases the amount of air
inside the core. Thus higher amount of mode power flows through the core air slots. The core
power fraction of our proposed photonic crystal fiber is 50% for 280um core diameter and 90%
core porosity.

5.5 Confinement Loss

PCFs are a new class of optical fibers, which has concerned fabulous attention in the last few
years. PCFs are normally formed with silica having air holes positioned in the cladding region.
PCFs have novel properties because the effective refractive index has burly wavelength
dependence and huge design flexibility. PCFs main applications range from telecommunication
field to metrology, spectroscopy, microscopy, medical diagnostics equipment, biology and
sensing. There are several parameters to manipulate pitch, air hole shape and diameter, refractive
index of the glass, and type of lattice. PCFs structures can have hexagonal lattice or octagonal
lattice or square lattice. By changing the lattices and lattice parameters like pitch, air hole
diameter and changing rings in the cladding region, the properties of PCFs can also be changed.
Many experiments and investigations have been carried out using different analysis techniques
and tools to understand the propagation properties of various PCFs. PCFs also known as micro-
structured or holey fibers are made of the refractive index periodicity, with the arrangement of
air holes around the core. Many rings around the core help to ensnare light well within the core
minimizing the confinement loss. Based on structure, PCFs can be either solid core high-index
guiding fibers or hollow core low index guiding fibers. The index guiding PCFs guide light in a
solid core by modified total internal reflection (M-TIR) like to the conventional optical fibers.
Hollow core PCFs guide light by the photonic band gap (PBG) effect. Light is confined in the
low-index core, as the distribution of energy levels in the structure makes the propagation in the
cladding region impossible. In both cases, to attain the lowest amount loss, air holes should be

continual to infinity which is unfeasible. So modes leak in cladding and confinement loss is
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created. The confinement loss can be reduced by proper design of structure parameters in PCFs,
and consequently, mode leakage to cladding is avoided. Already, many reports have been
published about PCFs with low confinement loss. At 0.8 um center wavelength the confinement
loss is found 10®°dB/m, 10°dB/m and 10 dB/m for 2 pm, 1.8 um and 1.6 pm lattice pitches.
Again at 1.55 pm center wavelength for three rings hexagonal PCFs the confinement loss is 107
dB/km but Ademgil and Huxha obtained this loss which was varied from 10 to 10°dB/m [10].
also at 1.3 pm centers wavelength this confinement loss was found 10 dB/km for circular ring
PCFs. Another important parameter to be considered for PCF design is confinement loss. It
depends upon the core porosity and the number of air holes used in cladding. It can be calculated
by taking the imaginary part of the complex refractive index. The confinement loss can be
calculated by equation 5.4, [33].

2 f 5.4
IM(77 )

e, =8.686%

Where, f is the frequency of the guiding light, ¢ is speed of light in vacuum and Im(neff)
symbolizes the imaginary part of the refractive index. The confinement loss as a function of

frequency where it is observed that as the frequency increases, the confinement loss scaled down.

5.5.1 Proposed Octa square cladding with slotted core design.

It can be seen that from Figure 5.22 and Figure 5.23, confinement loss scales down with the
increase of frequency. This happens because of strict confinement of light waves in core region
at higher frequency. That is, less area from cladding gets affected. As a result the confinement
loss decreases. By increasing the air hole in cladding region, confinement loss can be reduced
further. Since increase in number of air holes results in less interaction of material with light and
tight confinement. Apart from this it is also observed that confinement loss decreases with
increase of core porosity and core diameter. Larger core diameter bears the chances of the
confinement not being restricted to the center only. So, we have chosen some optimum points for
operation such that we get minimized confinement loss. We have chosen Dcgre is 290 um core

diameters; fis 1.6 THz and 80% porosity to be optimum.
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The value of confinement loss we obtained from our proposed photonic crystal fiber is 10™° cm
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Figure 5.22: Confinement loss vs frequency at
different core porosities for Octa square cladding
with slotted core design.

-1

at 80% porosities of 290 um and 1.6 THz, core diameter and frequency respectively, which is

better than earlier proposed [11, 12] optical waveguide.

5.5.2 Proposed hexagon cladding with slotted core design

One can deduce from figure 5.24 that confinement loss decreases rapidly with increasing

frequency. This
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Figure 5.24. Confinement loss vs frequency at different porosities and core diameter = 270um for hexagon cladding

with slotted core design

Phenomenon is obvious since at higher frequencies mode power tightly confines in the slotted
core region, and this results in a low confinement loss. One can also observe from the figure that
the reduction of core porosity gives the same results. The reason for this phenomenon can be
understood easily. When core porosity has been minimized, less air volume is faced by the
guiding mode. Index contrast increases due to this, which is the reason for the significant

reduction of confinement loss. For this PC-PCF the confinement loss is about 1.05x10™% c¢m
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which is much lower than the previously reported designs [13, 14, 69, 70, 74]. This loss can be
further decreased by inserting extra rings in the outer cladding.

5.5.3 Confinement loss of Octa circular cladding with slotted core design.

Figure 5.25 and Figure 5.26 both shows that confinement loss has an inverse relationship with
the core diameter as well as frequency. Confinement loss decreases with the increment of both
core diameter and frequency. The reason is at higher frequencies, light is strongly confined
inside the slotted core region. As core diameter increases, the index contrast between core and
cladding increase and light is tightly restrained hence it leads to scale down the confinement loss.
Similarly, decreasing the core porosity causes light to confine well into the core region and so
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Figure 5.26: Confinement loss versus frequency at Figure 5.25: Confinement loss versus core diameter
different porosities for Octa circular cladding with at different porosities for Octa circular cladding with
slotted core design. slotted core design.

Confinement loss decreases. From the three porosity levels we obtained lowest confinement loss

at 65% porosity which is 10*%cm™ at D, =290um and f =1.6THz

5.5.4 Confinement loss of hexagon cladding with circular core design.

A standard PC-PCF must have narrow array of confinement loss. From Figure 5.27 it can be stated that
Confinement loss decreases as the operating frequency increases. It can be justified by the fact that at
higher frequency, light bounds strongly in the core region and less light is captured by the
cladding air holes. Hence the confinement loss decreases at higher operating frequency. The
optimum value of confinement loss we obtained from our proposed photonic crystal fiber is 10

cm™ at 50% porosities of 280 um core diameter and 1.5 THz frequency.
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Figure 5.27: Confinement loss vs frequency at different core porosities for hexagon cladding with circular core

design

5.6 Dispersion

In optics, dispersion is the phenomenon in which the phase velocity of a wave depends on its
frequency. Media having this common property may be termed dispersive media. Sometimes the
term chromatic dispersion is used for specificity. Although the term is used in the field of optics
to describe light and other electromagnetic waves, dispersion in the same sense can apply to any
sort of wave motion such as acoustic dispersion in the case of sound and seismic waves, in
gravity waves (ocean waves), and for telecommunication signals propagating along transmission
lines (such as coaxial cable) or optical fiber. In optics, one important and familiar consequence
of dispersion is the change in the angle of refraction of different colors of light, as seen in the
spectrum produced by a dispersive prism and in chromatic aberration of lenses. Design of
compound achromatic lenses, in which chromatic aberration is largely cancelled, uses a
quantification of a glass's dispersion given by its Abbe number V, where lower Abbe numbers
correspond to greater dispersion over the visible spectrum. In some applications such as
telecommunications, the absolute phase of a wave is often not important but only the propagation
of wave packets or "pulses”; in that case one is interested only in variations of group velocity

with frequency, so-called group-velocity dispersion (GVD).

5.6.1 Material and waveguide dispersion

Most often, chromatic dispersion refers to bulk material dispersion, that is, the change in
refractive index with optical frequency. However, in a waveguide there is also the phenomenon
of waveguide dispersion, in which case a wave's phase velocity in a structure depends on
its frequency simply due to the structure's geometry. More generally, "waveguide" dispersion can

occur for waves propagating through any inhomogeneous structure (e.g., a photonic crystal),
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whether or not the waves are confined to some region. In a waveguide, both types of dispersion
will generally be present, although they are not strictly additive. For example, in fiber optics the
material and waveguide dispersion can effectively cancel each other out to produce a Zero-
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dispersion wavelength, important for fast Fiber-optic communication. The variation of refractive
index vs. vacuum wavelength for various glasses. The wavelengths of visible light are shaded in
red. Influences of selected glass component additions on the mean dispersion of a specific base
glass (n¢ valid for A = 486 nm (blue), n¢ valid for A = 656 nm (red).Material dispersion can be a
desirable or undesirable effect in optical applications. The dispersion of light by glass prisms is
used to construct spectrometers and spectra radiometers. Holographic gratings are also used, as
they allow more accurate discrimination of wavelengths. However, in lenses, dispersion causes
chromatic aberration, an undesired effect that may degrade images in microscopes, telescopes
and photographic objectives. In general, the refractive index is some function of the frequency f
of the light, thus , n = n(f), or Alternatively, with respect to the wave's wavelength n = n(A). The
wavelength dependence of a material's refractive index is usually quantified by its Abbe number
or its coefficients in an empirical formula such as the Cauchy or Sellmeier equations. Because of
the Kramers—Kronig relations, the wavelength dependence of the real part of the refractive index
is related to the material absorption, described by the imaginary part of the refractive index (also
called the extinction coefficient). In particular, for non- magnetic materials (n = po), the
susceptibility y that appears in the Kramers—Kronig relations is the electric susceptibility y. = n
— 1. The most commonly seen consequence of dispersion in optics is the separation of white light
into a color spectrum by a prism. From Snell's law it can be seen that the angle of refraction of

light in a prism depends on the refractive index of the prism material. Since that refractive index
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varies with wavelength, it follows that the angle known as angular dispersion. In this case, the
medium is said to have normal dispersion. Whereas, if the index increases with increasing
wavelength (which is typically the case for X-rays, the medium is said to have anomalous
dispersion. At the interface of such a material with air or vacuum (index of ~1), Snell's law
predicts that light incident at an angle 6 to the normal will be refracted at an angle arc sin(sin
0/n). Thus, blue light, with a higher refractive index, will be bent more strongly than red light,

resulting in the well-known rainbow pattern.

5.7 Dispersion in waveguides

Waveguides are highly dispersive due to their geometry (rather than just to their material
composition). Optical fibers are a sort of waveguide for optical frequencies (light) widely used in
modern telecommunications systems. The rate at which data can be transported on a single fiber
is limited by pulse broadening due to chromatic dispersion among other phenomena. In general,
for a waveguide mode with an angular frequency o(p) at a propagation constant 3 (so that the
electromagnetic fields in the propagation direction z oscillate proportional to e'®*®Y), the group-

velocity dispersion parameter D is defined by the following equation 5.5, [34].

_gdneff +Q d277eff

=<7 g ps/THz/cm 55
c do ¢ dw

s,

Where o is the angular frequency and w=2xf, f is the operating frequency, 7, is the

effective refractive index, and c is the speed of light.

5.7.1 Dispersion of Octa square cladding with slotted core design.

Figure 14 displays dispersion properties as a function of frequency. Dispersion properties flatten
gradually with the increase of porosity and frequency. This occurs because at higher porosity air
holes are compactly placed with each other and are steering to assuage the variation of index
with frequency resulting in a flattened dispersion. The increased flatten dispersion properties we
obtained from our proposed PCF is 0.3 + 0.1 ps/THz/cm at a wide frequency range 0.7-2.1
THz, which is better than previously reported [12, 13, 14, 15] optical waveguides.
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Figure 5.30: Dispersion vs frequency at different core porosities for Octa square cladding with slotted core design

5.7.2 Dispersion of hexagon cladding with slotted core design
It can be seen from Figure 5.31 that dispersion properties flatten slowly with increasing the core

porosity and frequency, respectively. This is because, at higher core porosity, air slots in the core
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Figure 5.31. Dispersion vs frequency for hexagon cladding with slotted core design.

are placed compactly with each other and assist in reducing the variation of the index and
facilitating dispersion to flatten more. Flat dispersion is essential in THz wave guiding because it
allows transmitting several optical signals at the same time with nearly equal pulse spreading.
From our proposed design, we obtained dispersion 0.65+0.05 ps/THz/cm between frequency

ranges 0.6-1.6 THz at porosity 90%. This variation is much lower than most of the previously

reported designs [12, 14, 62, 70, 74].

5.7.3 Dispersion of Octa circular cladding with slotted core design
By observing Figure 5.32 we can say that at low porosities and low frequencies, up to 0.6 THz,
the dispersion variation for x-polarization mode is quite high. But from 0.6THz to 1.6 THZ the
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proposed fiber displays Flattened dispersion. The reason behind this is at higher porosity the
core air holes are placed air-tightly with each other which alleviate the variation of index with
frequency thus the dispersion becomes more flattened. The obtained flattened dispersion from
our proposed PCF is 0.6 + 0.16 ps/THz/cm at a wide frequency range 0.4-1.6 THz.
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Figure 5.32: Dispersion vs frequency at different porosities for Octa circular cladding with slotted core design.

5.7.4 Dispersion of hexagon cladding with circular core design
Figure 5.33 displays the dispersion properties as a function of frequency. The flattened
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Figure 5.33: Dispersion vs frequency at different porosities for hexagon cladding with circular core design

dispersion we obtained from our proposed PCF is 1.03+0.04 ps/THz/cm at a large frequency
range from 0.9 THz to 1.5 THz at 90% porosity. At higher porosity, air holes are more tightly
confined resulting in less variation in refractive index.

5.8 Effective Area
Effective area depends on the amount of light confined in the core. Effective area has been

characterized by following equation 5.6, [35]. Where I(r) is the transverse electric intensity

distribution and it characterized by the I (r) = |Et|2
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5.8.1 Effective Area of Octa square cladding with slotted core design

5.6

Figure 5.34 reflects the alteration of effective area as a function of frequency at different
porosities. Effective area decreases with the increase of frequency and the decrease of core
porosity. At higher porosity, the fiber is more porous and prone to interacting with light. Light
can be confined more intensely and tightly at the core if the fiber is made more porous. Thus the
light affected area increases if we increase the porosity of our designed fiber. As frequency

progresses,
g X10° ; . . .
35 ==O=— porosity 80% |
’ =—@— porosity 90%
3 === porosity 95% |

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Frequency (THz)

Figure 5.34: Effective area vs frequency at different core porosities for Octa square cladding with slotted core

design.

the effective area decreases and at a point, the decrement saturates and the curve becomes
flattened. Our proposed fiber has an effective area of about 4x10° m? at the optimum

characterizing values of frequency and porosity.

5.8.2 Effective Area Octa circular cladding with slotted core design

The effective mode area of the proposed PCF is shown in Figure 5.35. It shows that effective
mode area decreases with increase in frequency. At higher frequencies, the mode field is
emphatically confined inside the core air slot [31], diminishing the effective area secured by the
mode. Furthermore increasing the porosity causes the effective area to increase which is evident

in Figure 12. Since the index contrast between the cladding and the core is reduced with
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increasing porosity, the mode field starts to expand from the core which increases the effective
area. The effective area of proposed PCF is about 2.8 x 10° m?.
3 x107® . . . . ‘
==Q== porosity 75%

2.5 + porosity 70%
=== porosity 65%

0 I . I |
0.4 0.6 0.8 1 1.2 1.4 1.6

Frequency (THz)

Figure 5.35: Effective area versus frequency at different porosities for Octa circular cladding with slotted core design

5.8.3 Effective Area of hexagon cladding with circular core design.

Figure 5.36 shows the alteration of effective area as a function of frequency. Effective area has
decreased with increase of frequency as well as decrease of core porosity. Because at higher
porosity index contrast between cladding and core increases. Eventually mode starts to expand
from the core and effective area increases. The effective area of the proposed fiber is about 1.4 x

10° m? at 90% porosity and operating frequency at 0.5THz.
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Figure 5.36: Effective area vs frequency at different core porosities for hexagon cladding with circular core design
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5.9 Numerical aperture

Numerical aperture is another important parameter for photonic crystal fiber. In fiber optics, it is
described as the range of angles within which light incident on the fiber will be transmitted along
it. This is demonstrated by following equation 5.7, [37].

1

f2
14 ﬂ&fg 5.7
C

NA =

Here Acs is effective area of the core and f is the normalized frequency and c is the speed of
light

5.9.1 Numerical aperture of Octa square cladding with slotted core design

Figure 5.37 displays the change of numerical aperture as a function of frequency and also with
porosity. The characteristic curve is at first increasing for a bit and then decreasing with the
increase of frequency. With increasing frequency and core porosity, Numerical Aperture will
first try to increase from its initial position in the curve and then decrease for the rest of the

curve.
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Figure 5.37: Numerical Aperture vs frequency at different core porosities for Octa square cladding with slotted
core design

This effect can be examined from the formula of numerical aperture. In the formula, we have
effective area in the denominator. From previous section (Figure 5.37) it is evident that effective
area gets scaled down and eventually become flattened more and more at decreasing porosity.
Numerical Aperture has an inverse correspondence to effective area Aer This characterization
amounts to porosity being an inverse factor for numerical aperture that is with increasing

porosity, Numerical Aperture will decrease.
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5.9.2 Numerical aperture of Octa circular cladding with slotted core design
From Figure 5.38, we can say that despite some early increase, the numerical aperture decreases
almost linearly with frequency, and it is higher at lower core porosity.
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Figure 5.38: Numerical aperture versus frequency at different porosities

5.9.3 Numerical aperture of hexagon cladding with circular core design.
Figure 5.39 demonstrates the change of numerical aperture as a function of frequency and also

with porosity. At higher porosity, numerical aperture decreases with frequency.
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Figure 5.39: Numerical Aperture vs frequency at different core porosities for hexagon cladding with circular core
design

5.10 Birefringence

Typically, birefringence induced in a porous core PCF occurs by breaking the symmetric
characteristics of the core or cladding and separating the light into two polarized components (x-
polarization and y-polarization) [45]. Birefringence is known to be the refractive index
difference between x polarization mode and y polarization mode. So it basically refers to the

physical origin of the separation, which is the existence of a variation in refractive index that is
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sensitive to direction in a geometrically ordered material. This is expressed by following formula
[34].

B=|n,-n,| 58

Where B denotes birefringence of following crystal fiber, ny and ny represents the refractive

index of x polarization mode and y polarization mode respectively.

5.10.1 Birefringence of Octa square cladding with slotted core design

Typically, birefringence induced in a porous core PCF occurs by breaking the symmetric
characteristics of the core or cladding and separating the light into two polarized components (x-
polarization and y-polarization) [45]. Birefringence is known to be the refractive index
difference between x polarization mode and y polarization mode. So it basically refers to the
physical origin of the separation, which is the existence of a variation in refractive index that is

sensitive to direction in a geometrically ordered material.
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core diameters for Octa square design
Figure 5.40 and Figure 5.41 represent the variation of birefringence as a function of frequency

for different core porosities and core diameters consequently. It is notified from above figure that
the value of refractive index is proportional to core diameter and inversely proportional to core
porosity. This eventuates increasing the core diameter gives the light an increased opportunity to
pass through. Thus when core diameter increases, refractive index increases. This results in an
increment of difference between the refractive indices hence birefringence increases. Again,

increasing the number of air holes or porosity, we can restrict the birefringence to a lower value.
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This can be validated from our result as we can detect that the birefringence of our proposed
photonic crystal fiber is 0.06 which is comparable with the other proposed fiber in the past.

5.10.2 Birefringence of hexagon cladding with slotted core design

Figure 5.42 depicts that for a particular frequency, higher core porosity provides lower
birefringence value. The reason is that at a higher porosity, the mode field is delocalized from the
core and spread into the cladding, which results in the reduction of the index contrast between
two orthogonal polarization modes. As a consequence, less power is controlled by the slots, and
birefringence is reduced. It is also observed in figure 5.42 that the bandwidth of birefringence.
Increases with the decrement of core porosity. For example, for porosity 70%, birefringence is
higher than 0.06 within 0.8-1.6 THz frequency band, whereas for porosity 80%, the
birefringence stays above 0.06 within a narrower band of 0.91-1.6 THz and the band is narrowed

0.1
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Figure 5.42. Birefringence vs frequency at different porosities for hexagon cladding with slotted core design

Down to 1.1-1.6 THz for porosity 90%. The highest birefringence of ~0.0911 can be obtained
from this design for core diameter 270 pm and porosity 70% at frequency 1.6 THz which is to
the best of our knowledge, is the highest birefringence value reported to date [51, 58-61].
Besides this, one can see from figure 5 that birefringence stays above 0.08 for frequency range
1.1-1.6 THz, which is wider than the previously reported works [15, 52, 75-86].

5.10.3 Birefringence of Octa circular cladding with slotted core design
From the illustrated Figure 5.43 we can see that, the birefringence increases gradually with the

frequency up to 1.3THz then it becomes almost flatten from 1.3THz to 1.6THz. The increment
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occurs because of the improvement of index contrast between the core and cladding at higher
frequencies. It is additionally seen that the birefringence decreases with the increment of
porosity. This is in view of the fact that at higher porosities some of mode power going out from
core to cladding, lessening the index contrast between two polarization modes. Eventually
birefringence decreases.
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Figure 5.43: Birefringence versus frequency at various porosities for Octa circular cladding with slotted core design

5.11 Conclusion

We investigated octagonal and hexagonal shaped porous core PCF for Terahertz applications and
analyzed numerically with respect to frequency, core diameter and core porosity. Octagonal and
hexagonal shaped cladding region is used to ensure low effective material loss, high core power
fraction along with flattened dispersion properties and with high birefringence. The high
birefringence and the formidable guiding characteristics make the suggested fiber a superlative
candidate for fabrication of optical devices, medical diagnostics equipment, low-loss polarization
applications and effective THz-wave transmission. We hope in future more accurate application
of optical fiber designed PCF will be used for ensuring low confinement loss while having

higher frequency range.
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Chapter 6

Conclusion

6.1. Conclusion

In this book various types of photonic crystal fiber is demonstrated and its guiding properties are
characterized for different values of core porosities and operating frequencies. This all proposed
structure offers relatively low effective material loss, very small confinement loss and a flattened
dispersion profile achieved for the optimal design parameters which is suitable for efficient THz
wave guidance. All structure can be manufactured due to its realistic dimension that facilitates
practical fabrication. A relatively simple hexagonal cladding with circular core photonic crystal
fiber is demonstrated. The porous core made it possible to exhibit a low EML of 0.029 cm™, 50%
core power fraction, confinement loss of 10™ cm™ at 90% porosity. In addition to this we
obtained near flat dispersion of 1.03+0.04 ps/THz/cm for a wide range starting from 0.9 THz to
1.5 THz. Another hexagonal cladding with slotted core PCF is designed here, and its key feature
is ultra-high birefringence (0.091) and very low EML (0.025 cm™). Moreover, an adequate
amount of modal power is transmitted through the core that results in high core power fraction,
and the compact arrangement of air holes in the cladding helps to maintain low confinement loss.
The single-mode propagation of the proposed design has been justified for different core
porosities and core diameters. A more effective octagonal shaped cladding with slotted core PCF
is introduced next where high birefringence is obtained from our result which is 0.06 at 1.6 THz
Frequency. The proposed PCF offers us a low EML of 0.06 cm™, a negligible confinement loss
of 10™ cm™, a flattened dispersion variation of 0.3+0.1 ps/THz/cm, along with a very high core
power fraction of 70% for 290 um core diameter with a core porosity of 80% and a large modal
effective area of 4x10° m? over a wide range of frequencies. This PCF also offers an ultra-low
EML of 0.007 at 0.5 THz. Another last one octagon circular cladding photonic crystal fiber (PC-
PCF) structure with slotted rectangular air gap core has been proposed. From the simulation
results, we have accomplished remarkable outcomes. We achieved effective material loss (EML)
of 0.013 cm™ and a high birefringence of 0.05 at 1.6THz. In addition to that, the proposed

structure offers 60% high core power fraction, 10™ cm™ confinement loss at 65% porosity of 290
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um core diameter and 1.6 THz frequency. Furthermore the effective area is nearly 2.8 x 10° m?,

near zero flat dispersion of 0.6+0.16 ps/ THz/cm s obtained. This all micro-structure PCFs can

be a potential waveguide in Terahertz radiation propagation. Therefore, it is quite evident that,
the proposed fibers can be a potential candidate for a long-distance terahertz wave transmission
and other practical applications such as fiber-optic communication, fiber laser, non-linear
devices etc. for its simple structure and significantly enhanced properties.

6.2. Possible fabrication methods

Fabrication is an important issue to consider for PCFs. Fortunately, fabrication precision and
accuracy are progressing gradually day by day. PCFs are produced by a number of distinct
methods which generally involve preparing a macroscopic meter-length preform with the desired
transverse crystal lattice pattern and draw into microscopic scale fibers while preserving the
intended cross-sectional design. Some examples of PCF fabrication methods are stack-and-draw,
extrusion [77], sol-gel casting [78], injection molding [79] and drilling [80]. The most common
method is stack-and- draw technique, devised by Knight et al. [80], which is relatively fast,
clean, low-cost, and flexible. Here, we report fabrication of silica HIG PCF in UM using this
method. A 5m high fiber drawing tower with furnace heating capability up to 2700 °C is used.
Stack-and-draw process is most important method. This method begins with fabricating
capillaries of required sizes with specific inner wall over outer wall diameter ratio (ID/OD) based
on PCF whole diameter, d, over lattice spacing, &, ratio (d/a) determined in design. Next,
fabricated capillaries are arranged into triangular lattice using custom-made jigs. Subsequently,
by using fiber drawing facilities, the assembled PCF preform is pulled into fiber by adjusting
carefully the feeding rate, tractor speed and furnace temperature. Most recently, a research group
of max Planck University has fabricated PCFs of different sizes and complicated structures by
using the well-known stack and draw technique [81]. It is anticipated that existing fabrication
technology will not encounter any difficulty while fabricating the proposed PCFs because the
designs are comprised of porous-core and air hole cladding. The ability of fabricating PCF opens
up new fiber design possibilities and practically harnessing various unique properties of
PCF.
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6.3. Scope for Future Works

There are some drawback of our proposed design is power fraction can be further increased and
EML can be further decreased. Still the accumulated result is satisfactory and can be developed
in further purpose. So the future goal should be developing a fabrication process for this
accumulated design which is efficient and easy so that worldwide it can be adopted.
Furthermore, simulations should be continued for new design so that low EML and high power
fraction design can be adopted and fabricated practically. Also the High birefringence can be
obtained by using dual unit based porous core and rotating core air holes at different angles.
High birefringence with reasonable EML can also be achieved by using microstructure cladding
air holes and elliptical core air holes.
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