
DESIGN AND ANALYSIS OF PHOTONIC 

CRYSTAL FIBER FOR WAVEGUIDING AND     

ANALYTE SENSING IN THz PLATFORM 
 

 

 

By 

 

Md. Moshiur Rahman 

 
 

 

A thesis submitted to the Department of Electrical and Electronic Engineering in 

partial fulfillment of the requirements for the degree of  

 

 

DOCTOR OF PHILOSOPHY 

 

 

 

 

 
 

 

 

 
 

Bangladesh University of Engineering and Technology (BUET) 

Dhaka-1205, Bangladesh 

 

 

 

 

7 June 2023 

Copyright © 2023 by Md. Moshiur Rahman 



Author

Title:

Department

University:

Statement of OriginalitY

Date:7 June2023

Md. Moshiur Rahman

DESIGN AND ANALYSIS OF PHOTONIC CRYSTAL FIBER

FoRWAVEGUIDINGANDANALYTESENSINGINTIJlz
PLATFORM

Electrical and Electronic Engineering

Bangladesh university of Engineering and Technology (BUET)

I hereby declare that this work contains no material which has been accepted for the

award of uny other degree or diploma in my name, in any university or.other l'rlrtiary

institution and, to the b-est of myknowledge and belief, contains no material previously

published or written by another person, except where due reference has been made in the

text.

Signature of Author
Md. Moshiur Rahman
Student No. 0416064005
Session: April2016

Copyright @ 2023 by Md. Moshiur Rahman

All rights reserved. No part of this thesis may be reproduced, in any form or by any

means, without permission in writing from the author.

1l



The dissertation entitled 'oDesign and Analysis of Photonic Crystal Fiber for

Waveguiding and Analyte Sensing in THz Platform" submitted by Md' Moshiur

Rahman, Student ID # 0416064005, Session: April2016 has been accepted as satisfactory

in partial fulfilment of the requirements for the degree of Doctor of Philosophy in

Electrical and Electronic Engineering on 7th June 2023'

2

l. Dr" Mohamtned Imarnltl Ilassarr 13huiyan

Professor. trEE.,, BUE'l" Dhalta

Aynal llaque
Prof-essor and Ilead, EEE, BUET. Dhaka

M^V^-
3. Dr. Mohan, mad Arifirl I Iaclue

Prof-essor. EEE. tlUE'I. Dhaka

4 Dr. Mohamrnad Faisal

Prof'essor, IIEE. tltJET. Dhaka

5. Dr Akter
Prof'essor, IillE,, BUh,'f , Dhaka

6. Dr Rakibtrl lslam

Chairman
(Supervisor)

Member
(Ex-officio)

Member

Member

Member

Member

Member
(External)

Prolessor
Electrical ancl Electronic Errgirreering. It,l-r. Board Bazar.

(\azipur-1704

tu
7. Dr.SMAbdtrr Ilazzak

Prof-essor

Electrical and Electronic Llnginecring. I{aishahi University

o[' IJngineerirrg arrcl'l'echnology. I{a.ishahi

ill

BOARD OF EXAMINERS



iv 
 

Acknowledgement 

I would like to thank the almighty Allah first for the completion of this research work. At 

the outset, I would like to convey my sincere gratitude to my thesis supervisor, Dr. 

Mohammed Imamul Hassan Bhuiyan, Professor, Department of Electrical and 

Electronic Engineering, Bangladesh University of Engineering & Technology (BUET) for 

his continuous supervision and support throughout my thesis with patience and knowledge. 

I would like to extend my sincere thanks to him for his constant guidance, encouragement, 

and kind cooperation, particularly in justifying the proper research direction of the thesis 

and ensuring that the research aims and objectives are fulfilled over the past few years. 

Completion of this research work would not be possible without his stimulating inspiration 

and cooperation. 

 

I would like to convey my sincere thanks to Dr. Mohammad Rakibul Islam, Professor & 

Head, Department of EEE, IUT for his constant help, valuable suggestions, and guideline, 

which motivated and contributed to completing this work properly. 

 

I would like to convey my special thanks to Dr. Mohammad Faisal, Professor, 

Department of EEE, BUET for his continuous suggestions, guidelines, and valuable time 

to enrich this research. 

 

Furthermore, I also would like to convey my special thanks to Dr. Lutfa Akter, Professor, 

Department of EEE, BUET for her continuous encouragement to make this research an 

exceptional one by adding supportive information and through proper presentation.  

 

Additionally, I would like to express my thanks to Dr. Mohammad Ariful 

Haque Professor, Department of EEE, BUET, and Dr. Md. Aynal Haque, Professor & 

Head, Department of EEE, BUET, for their valuable suggestions. I would also like to 

convey my sincere thanks to Dr. S M Abdur Razzak, Professor, Department of Electrical 

and Electronic Engineering RUET, for being the external member of this thesis 

examination committee and giving consent for evaluating this work. His suggestions were 

instrumental in shaping and enriching this thesis.    

 

I greatly acknowledged the Institute for Energy, Environment, Research, and Development 

(IEERD), University of Asia Pacific (UAP) for the financial support to present my works 

at international conferences in India, Indonesia, and Bangladesh.  

 

My wholehearted thanks should go to my parents for their principles and unconditional 

love for me and teaching me the objectives and aim in life.  

 

Last, but not the least, I am deeply thankful to my beloved wife, Farhana Akter Mou, 

who has persistently accompanied me in completing this journey, sharing my tears and 

cries, and showering me with love, joy, and laughter. I would also like to express my 

endless love to my son, Shaahzin Mehshid who always cherished me in every moment of 

my life with the sacrifices of his needs.  



v 
 

Dedication 

 
This work is dedicated to my parents, my wife, my son, and my respected teachers for 

their constant support and patience throughout my academic life. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 
 

Table of Contents 

 
Name Page No. 

Acknowledgement iv 

List of Tables xi 

List of Figures xii 

List of Abbreviations xviii 

List of Symbols xix 

Abstract xxi 

 

Chapter 1: Introduction 1 
 

1.1 Introduction 1 

1.2 Background and present state of the problem 1 

1.3 Motivation 5 

1.4 Objectives 6 

1.5 Thesis outlines 7 

Chapter 2: Photonic Crystal Fiber and Terahertz Spectrum                    9 

2.1 Introduction 9 

2.2 Photonic Crystal Fiber (PCF) 9 

 2.2.1 Solid Core PCF 9 

 2.2.2 Porous Core PCF 10 

 2.2.3 Hollow Core PCF 11 

2.3 PCF’s Characteristics 12 

2.4 Waveguiding Mechanism of PCF 13 

2.5 Sensing Mechanism of PCF  13 

2.6 Terahertz Spectrum  14 



vii 
 

2.7 THz Sources and Detectors 15 

 2.7.1     THz Sources 15 

     2.7.2 THz Detectors 16 

2.8 THz Applications 16 

2.9 Summary 17 

Chapter 3: Optical Properties and Methods of Numerical Analysis       18 

3.1 Introduction 18 

3.2 PCF design and Analysis Methodology 18 

3.3 Optical Properties for Waveguiding & Analyte Sensing 20 

 3.3.1 Effective Material Loss (EML) 20 

 3.3.2 Confinement Loss (CL) 23 

 3.3.3 Core Power Fraction (CPF) 23 

 3.3.4 Effective Area (EA 24 

 3.3.5 Dispersion 24 

 3.3.6 V-parameter 25 

 3.3.7 Birefringence 25 

 3.3.8 Polarization Mode Dispersion (PMD) 26 

 3.3.9 Sensitivity 26 

 3.3.10 Numerical Aperture 27 

3.4 Electromagnetism and Wave Equation 27 

3.5 Methods of Analysis 30 

3.6 Finite Element Method (FEM) 30 

 3.6.1 Scalar Formation 33 

 3.6.2 Elements Formation in Finite Elelment Method 33 

  3.6.3 Global Metric Formtion 37 

3.7 Perfectly Matched Layer (PML) 41 

3.8 Summary  42 



viii 
 

Chapter 4: PCF for THz Waveguiding: Design & Analysis 44 

4.1 Introduction 44 

4.2 Proposed PCFs for THz waveguiding 44 

 4.2.1 Square shaped core-cladding structured PCF 45 

  4.2.1.1 Design Methodology of Proposed PCF 45 

  4.2.1.2 Simulations and Results 46 

 4.2.2 Square shaped suspended core-cladding structured PCF 53 

  4.2.2.1 Geometry Design Guidelines of Proposed PCF 53 

  4.2.2.2 Numerical Analysis 54 

 4.2.3 Circular shaped suspended core-cladding structured PCF 62 

  4.2.3.1 Design Methodology 63 

  4.2.3.2 Simulation Results and Discussion 64 

4.3 Summary 73 

Chapter 5: PCF for Analytes Sensing: Design & Analysis 75 

5.1 Introduction 75 

5.2 Proposed PCFs for Analytes Identification 75 

 5.2.1 Square Shaped Hollow Core PCF for Alcohol Detection 76 

  5.2.1.1   Design Methodology of Proposed Sensor 77 

  5.2.1.2   Numerical Analysis 77 

 5.2.2 Octagonal Hollow Core PCF for Cholesterol Detection 83 

  5.2.2.1   Structural Guidelines of Proposed PCF 83 

  5.2.2.2   Results and Discussion 85 

 5.2.3 Octagonal Hollow Core PCF Bio-Sensor for Blood 

Components Detection 

95 

  5.2.3.1   Proposed PCF Geometry and Design Methodology 96 

  5.2.3.2   Results and Discussions 98 

 5.2.4 Circular Hollow Core PCF Bio-Sensor for Blood Protein 

Detection 

108 



ix 
 

  5.2.4.1 Design methodology of proposed PCF geometry 109 

  5.2.4.2 Results and discussions 111 

5.3 Summary 116 

Chapter 6: PCF for Waveguiding and Analytes Sensing: Design & 

Analysis                                                                                                        118 

6.1 Introduction 118 

6.2 Development of PCF for Waveguiding and Analytes Sensing 118 

 6.2.1 Proposed PCF Geometry Development 119 

 6.2.2 Result Analysis and Discussion 121 

  6.2.2.1 THz Wave Transmission Properties 122 

  6.2.2.2 Sensing Properties 130 

6.3 Summary 145 

Chapter 7: Fabrication Potential of PCF and Experimental Setup 147 

7.1 Introduction 147 

7.2 Different fabrication techniques 147 

 7.2.1 Stack and draw 147 

 7.2.2 Sol-gel 148 

 7.2.3 Extrusion  149 

 7.2.4 3D printing  149 

 7.2.5 Mechanical drilling  150 

7.3 Background Materials for Fabrication of PCF 150 

7.4 Current developments and scopes of PCF fabrication 152 

7.5 Experimental Setup 159 

7.6 Summary 160 

Chapter 8: Conclusion 161 

8.1 Conclusion 161 



x 
 

8.2 Limitations and Future Scopes 162 

List of Publications          164 

Bibliography  165 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xi 
 

List of Tables 

 

4.1 Optimum Design Parameters. 47 

4.2 Comparison with previously published PC-PCF and this proposed PCF. 61 

4.3
 

Comparison with previously published design and this proposed design.
 

72 

5.1 Comparison with previously published PCF based alcohol sensor and this 

proposed sensor. 

82 

5.2 Response of different optical properties for the tested sample at ± 2 % and ± 

5 % geometric parameters deviation with optimum design condition. 

94 

5.3 Comparison with previously published PCF based chemical sensor and this 

proposed work. 

94 

5.4 Sensing performance for different cores with proposed cladding. 107 

5.5 Sensitivity of each blood component at ± 2 % and ± 5 % geometric 

parameters deviation with optimum design condition for 4.5 THz frequency. 

107 

5.6 Comparison with previously proposed THz sensor in PCF platform for blood 

constituents sensing application. 

107 

5.7 Optimized geometrical parameters. 111 

5.8 Sensitivity of each tested sample at ± 2 % and ± 5 % geometric parameters 

deviation with optimum design condition at 4.3 THz frequency. 

116 

5.9 Comparison with recent RI- dependent sensors for similar application in the 

PCF platform. 

116 

6.1 Optimum geometrical parameters. 121 

6.2 Comparison with previously proposed works in PCF for THz wave 

transmission.  

142 

6.3 Comparison with previously proposed works for substance detection. 142 

6.4 Comparison of sensitivity between the proposed PCF and that of [140]. 143 

6.5 Comparison of geometry and performance among various hexagonal-shaped 

core. 

145 

 

 

 

 

 



xii 
 

List of Figures 

 
2.1 Solid Core PCF. 10 

2.2 Porous Core Fiber. 11 

2.3 Hollow Core Fiber. 12 

2.4 Electromagnetic spectrum (a) Electromagnetic spectrum with application 

areas, (b) Expanded view of the neighborhood of the THz band.  

15 

3.1 PCF Design and analysis Methodology Flowchart. 19 

3.2   Meshing Condition. 34 

3.3 Basic finite element 1D, 2D and 3D.  35 

3.4 Mesh comparison of triangular (left) and rectangular (right) elements. 35 

3.5  Complete polynomials of pascal triangle. 35 

4.1 Geometry of Proposed fiber. 46 

4.2 Interaction of light of suggested structure of PCF for different frequencies. 

Where, Porosity = 81% (a) Frequency = 0.8THz (b) Frequency = 1THz and  

(c) Frequency = 1.2THz. 

47 

4.3 Behaviour of EML as a function of frequency at different porosity. 48 

4.4 Behaviour of Confinement loss as a function of frequency at different 

porosity. 

48 

4.5 Behaviour of core power fraction with respect to frequency at different 

porosity. 

49 

4.6 Response of effective area with respect to frequency at different porosity. 49 

4.7 EML behavior with respect to porosity at three different frequencies. 51 

4.8 Power fraction in core section with respect to porosity at different 

frequency. 

51 

4.9 Behavior of Effective Area with respect to porosity at three different 

frequencies. 

52 

4.10 Cross section view of proposed PC-PCF with amplified core. 54 

4.11 Elelctric filed distribution  of proposed PCF at different porosities for 1 THz 

operating frequency. 

55 

4.12 Response of V-parameter with respect to frequency at optimum design 

parameters. 

56 

4.13 Behaviors of EML and Confinement loss at (a) different core sizes (b) 

different porosities with respect to frequency, and (c) different porosities 

57 



xiii 
 

with respect to core size. 

4.14 Total loss versus frequency at different porosities. 58 

4.15 Behavior of waveguide dispersion as a function of frequency at different 

core sizes. 

59 

4.16 Responses of air core power fraction at different core porosities (a) with 

respect to frequency, and (b) with respect to core length. 

60 

4.17 Effective area as a function of frequency at different porosities. 60 

4.18 Ends face view of proposed PCF with magnification of core. 63 

4.19 Electric field distribution of proposed PCF for different frequency with the 

variations of porosity and core size. 

65 

4.20 Responses of EML and confinement loss as function of (a) frequency at 

different core size (b) frequency at different porosity and (c) core diameter 

at different porosity.
 

67 

4.21 Bending loss as function of frequency at optimum design parameters for 

bending radius = 1cm, 2cm & 3cm. 

67 

4.22 Frequency versus total loss at optimum design parameters & Rb = 2cm.
 

68 

4.23 Responses of effective area and core power fraction with respect to 

frequency at different core diameter. 

70 

4.24 Core power fraction versus frequency at different porosity.
 

70 

4.25 Response of effective area with respect to core diameter at different 

porosity.
 71 

4.26 Waveguide dispersion of proposed PCF with respect to frequency at 

different core size. 

71 

4.27 Mode test results with respect to frequency at different porosity. 72 

5.1 Cross section view of proposed of HC-PCF based THz sensor with 

amplified core. 

77 

5.2 Elelctric filed distribution of proposed sensor at 1 THz for different 

geometrical conditions (a) x = 0.8 × y,  y = 300 µm, (b) x = 0.85 × y, y = 

300 µm, (c) x = 0.9 × y,  y = 300 µm. 

78 

5.3 Sensitivity of alcohol with respect to frequency at variable x and constant 

y. 

79 

5.4 Sensitivity as a function of frequency at variable x and y. 79 

5.5 Effective material loss vs frequency at variable x and y. 80 

5.6 Confinement loss vs frequency at variable x and y. 80 

5.7 Confinement loss vs frequency at variable x and constant y. 81 



xiv 
 

5.8 Effective Area vs frequency at variable x and constant y. 81 

5.9   End face view of proposed PCF with amplified view of the core. 84 

5.10 Elelctric filed distribution within the PCF at optimum design conditions in 

x-polarization mode with intensity scale. 

85 

5.11 Elelctric filed distribution within the core of proposed PCF for different 

geometrical conditions at 2.2 THz frequency in x-polarization mode with 

intensity scale (a) x = 280 µm, S1= S2 = 7.5 µm, (b) x = 300 µm, S1= S2= 

7.5 µm, (c) x = 320 µm, S1= S2=  7.5 µm, (d) x = 300 µm, S1 =  S2 =  5 

µm, and (e) x = 300 µm, S1 = S2 = 10 µm. 

85 

5.12 Sensitivity with respect to frequency at variable x and  y with fixed strut. 87 

5.13 Sensitivity as a function of frequency at variable strut widths with fixed x. 87 

5.14 Confinement loss versus frequency at variable x and y with fixed strut. 89 

5.15 Confinement loss versus frequency at variable strut widths with fixed x. 89 

5.16 Behaviour of EML as a function of frequency at variable x and y with fixed 

strut. 

90 

5.17 Behaviour of EML as a function of frequency at variable strut widths with 

fixed x. 

90 

5.18  Effective area as a function of frequency at variable x and y with fixed strut. 91 

5.19  Effective area as a function of frequency at variable strut widths with fixed 

x. 

91 

5.20  Response of numerical aperture with respect to frequency at variable x and 

y with fixed strut. 

92 

5.21   Response of numerical aperture with respect to frequency at variable struts 

with fixed x. 

92 

5.22   Nature of dispersion with respect to frequency at variable struts with fixed 

x. 

93 

5.23 Nature of dispersion with respect to frequency at variable x and y with fixed 

strut. 

93 

5.24 Proposed PCF geometry with the core shown in expanded form. 97 

5.25 Mode power distribution of the proposed PCF for various targeted 

substances in x-polarization mode at 4.5 THz frequency with intensity scale 

(a) RBC, (b) Hemoglobin, (c) WBC, (d) Plasma, and (e) Water. 

98 

5.26 Behavior of effective refractive index of the proposed PCF for different 

blood components with respect to frequency. 

99 

5.27  Sensitivity as a function of frequency for different blood components at 

optimum design conditions. 

99 

5.28  Sensitivity as a function of frequency for different blood components at 6.5 100 



xv 
 

µm strut size. 

5.29 Peak Sensitivity shifting with respect to frequency for different blood 

components. 

100 

5.30 Sensitivity with respect to core radius for different blood components at the 

optimum operating frequency of 4.5 THz. 

102 

5.31 Confinement loss as a function of frequency for each blood component at 

optimum design conditions. 

104 

5.32 Material absorption loss as a function of frequency at optimum design 

condition for different blood components. 

104 

5.33 Effective area with respect to frequency for each tested analytes at optimum 

design condition (with zoomed-in portion). 

105 

5.34 Behavior of numerical aperture (NA) with respect to frequency for each 

tested analyte at optimum design condition (with zoomed-in portion). 

105 

5.35 Nature of dispersion as a function of frequency for each tested analyte at 

optimum design conditions. 

106 

5.36 Geometrical cross-sectional view of proposed PCF with amplified core. 110 

5.37 3D view of proposed PCF Geometry. 110 

5.38 The mode field distribution with intensity scale of proposed PCF for 

different level of protein concentration in x-polarization mode at optimum 

design conditions (a) 7-125 mg/dl, (b) 250-500 mg/dl, and (c) 1000 mg/dl.  

112 

5.39 The response of sensitivity for different protein concentration of urine as a 

function of frequency.  

113 

5.40 Peak sensitivity shifting for different protein concentration of urine as a 

function of frequency.  

113 

5.41 Nature of confinement loss with respect to frequency for different 

concentrations level of albumin in urine at optimum design conditions. 

114 

6.1 Cross section view of the proposed PCF; an enlarged view of the core is 

also provided. 

121 

6.2 Electric Field Distribution in x and  y polarization modes, (a) Dcore = 

300µm, porosity = 80% frequency = 1THz, (b) Dcore = 300µm, porosity = 

85% frequency = 1THz 

122 

6.3 Behaviors of EML and confinement loss with respect to frequency at 

different core sizes (a) x- polarization, (b) y-polarization.  

124 

6.4 Total loss in x and y polarization mode as a funtion of  frequency at optimum 

design conditions. 

124 

6.5 Change of  effective mode area and core power fraction in x and y 

polarization mode with frequency at different core diameters. 

127 

6.6 Behavior of waveguide dispersion in  x and y polarization mode with 128 



xvi 
 

respect to frequency for variouis core diameters. 

6.7 Birefringence with respect to frequency at optimum design conditions. 128 

6.8 V-parameter as a function of frequency for different core sizes. 129 

6.9 Polarization mode dispersion as a function of frequency at optimum design 

conditions. 

129 

6.10 Light and liquid analytes interaction in x and y polarization modes: (a) 

Benzene, (b) Cholesterol, (c) Ethanol and (d) Methanol. 

131 

6.11 Light and air pollutants interaction in x and y polarization modes: (a) 

Cyanide (b) Dioxin (c) Nitrogen Dioxide and (d) Hydrogen Sulfide. 

131 

6.12 Sensitivity with respect to frequency for different liquid analytes at 

optimum design conditions for the proposed PCF: (a) x-polarization and (b) 

y-polarization. 

133 

6.13 Sensitivity with respect to frequency for different air pollutants at optimum 

design condition for the proposed PCF (a) x-polarization and (b) y-

polarization. 

134 

6.14 Sensitivity with respect to frequency for different liquid analtyes for strut 

size of 6.5 µm in x-polarization. 

135 

6.15 Sensitivity with respect to frequency for different air pollutants for strut size 

of 6.5 µm in x-polarization. 

136 

6.16 Variation of confinement loss with frequency for different liquid analytes 

at optimum design conditions in x-polarization and y-polarization. 

136 

6.17 Variation of Confinement loss with frequency for different air pollutants at 

optimum design conditions in x-polarization and y-polarization. 

137 

6.18 EML with respect to frequency for different liquid analytes at optimum 

design condition in x-polarization (top) and y-polarization modes (bottom). 

139 

6.19 EML with respect to frequency for different air toxics at optimum design 

condition in x-polarization (top) and y-polarization (bottom) modes. 

139 

6.20 Effective Area for different liquid analytes as a function of frequency at 

optimum design condition in x-polarization (top) and y-polarization 

(bottom). 

140 

6.21  Effective Area for different air toxics as a function frequency at optimum 

design condition in x-polarization (top) and y-polarization (bottom). 

140 

6.22 Birefringence profile of proposed PCF at optimum design condition for 

different liquid analytes as a function of frequency.  
141 

6.23 Birefringence profile of proposed PCF at optimum design condition for 

different air pollutants as a function of frequency.  

141 

7.1 Fabrication process of PCF using stack and draw.  148 

7.2 Fabricated polymer optical fiber. 153 



xvii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.3 Schematic diagram of the stacked preform 153 

7.4 The extruded preform of the spider wave and rectangular shaped holes PCF. 154 

7.5 Schematic diagram of some typical structures of PCFs used in chemical 

sensing [165]. 

154 

7.6 Schematic diagram of some typical structures of PCFs used in chemical 

sensing [110]. 

155 

7.7 Proposed PCF structures. 157 

7.8 Fabrication processing steps for proposed PCF I using stack and draw 

technique. 

158 

7.9 The schematic view of the proposed design III for using 3D printing 

technique. 

158 

7.10 Fabrication process for proposed PCF VIII using stack and draw technique. 158 

7.11 Experimental setup schematic of proposed PCF sensors for practical 

sensing applications 

159 



xviii 
 

List of Abbreviations 

 

Abbreviation                              Definition 

CL  Confinement Loss 

COC  Cyclic-Olefin Copolymer 

COP  Cyclo-Olefin Polymer 

dB Decibel 

ERI Effective Refractive Index 

EML Effective Material Loss 

FEM Finite Element Method 

FET Field Effect Transistor 

FIR  Far Infrared 

HCF Hollow Core Fiber 

MMF Multi-Mode Fiber 

MOFs Microstructure Optical Fibers 

NA Numerical Aperture 

PML Perfectly Matched Layer 

PCF Photonic Crystal Fiber 

PMD  Polarization Mode Dispersion 

PBG Photonic Band Gap 

PC Porous Core 

PTFE polytetrafluoroethylene 

PMMA Poly Methyl Methacrylate 

RI  Refractive Index 

RIU  Refractive Index Unit 

SMF Single Mode Fiber 

SPR  Surface Plasmon Resonance 

THz Terahertz 

TDS Time Domain Spectroscopy 

Teflon  Tetrafluoroethylene 



xix 
 

List of Symbols 

 

Abbreviation Definition 

αeff Effective material loss 

 ϵ0 Relative permeability 

nmat Refractive index 

αmat Bulk absorption loss 

Sz Z-component of the Poynting vector 

E Electric field component 

H Magnetic field component 

Lc Confinement loss 

f Operating frequency 

c Speed of light 

Im(neff) Imaginary part of the complex effective refractive index 

Aeff Effective area 

x Area of the region of interest 

neff Effective refractive index 

n1  Effective refractive index core region 

n2 Effective refractive index cladding region 

I(f)  Intensities of light with the presence of the analyte needed to be 

detected 

𝐈𝟎 Intensities of light without the presence of the analyte needed to 

be detected 

r  Relative sensitivity 

αm Absorption coefficient 

lc Channel length 

𝐧𝐫 Refractive index of the sample  

k Light interaction 

B Birefringence 

nx  Effective refractive index of the x polarization mode 

ny  Effective refractive index of the y polarization mode 



xx 
 

R Radius of the lattice 

effw  Spot size 

  Nonlinearities 

radian  Beam Divergence 

  Core Power Fraction 

αBL

 
Bending Loss 

Rb Bending Radius 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxi 
 

Abstract 
 

In present times, Photonic Crystal Fiber (PCF) has emerged as a strong contender for THz 

waveguiding and analyte sensing. Major benefits of a porous-core PCF include minimum 

absorption loss due to unique light-guiding process through a guided air medium, lower 

confinement loss, near-zero flattened dispersion, extensive detecting potential, faster 

response with precise results, and geometry design flexibility. Most importantly, the optical 

behaviors of the PCF can be controlled by the geometrical specifications for both 

waveguiding and sensing cases. 

In this research, different novel geometries of PCF are proposed and numerically analyzed. 

Necessary optical properties are evaluated in the Terahertz (THz) platform for waveguiding 

and analyte sensing. The purpose is not only to provide high-quality THz transmission but 

also to render the ability for sensing different unknown analytes, basically several harmful 

and well-known liquid chemicals, biological components, and air pollutants, with high 

sensitivity. The various geometrical parameters of the PCFs have been optimized and the 

optical properties of the tuned PCFs are numerically investigated for wave propagation and 

sensing cases. The full vector analysis-based Finite Element Method (FEM) with 

COMSOL Multiphysics software (v. 5.3a) is employed to design, and evaluate the optical 

properties. As compared to existing works, a superior performance in terms of low losses, 

flattened waveguide dispersion, high core power fraction, and large effective area are 

obtained for THz wave guidance. For the liquid chemicals, biological components, and air 

pollutant analytes, a number of improvements are demonstrated that include higher 

sensitivity, negligible confinement loss, ultra-low effective material loss (EML), and 

moderate effective area, as compared to several recently reported results. Furthermore, in 

the context of current developments in fabrications, recommendations are provided 

regarding the potential for fabricating the proposed PCFs. Overall, the designed PCFs have 

a good degree of potential for diverse applications in the THz domain including wave 

transmission and sensing of different substances. 



 

 

1 

 

 

Chapter 1 

 

Introduction 

 

1.1 Introduction 

 
Currently, the THz signal is positioning itself as a potential candidate for various 

versatile and improved applications in sensing [1-2], security [3] telecommunication 

[4-6], pharmaceutical drug testing [7], biomedical sensing [8], imaging [9], 

environmental applications [10], etc. An unguided air medium for THz transmission 

has a number of problems such as unpredictable absorption loss caused by the 

atmospheric situation, alignment complexity between transmitter and receiver, etc. 

Various types of guided media are proposed, most of these demonstrated high 

absorption, high weight, and ohmic loss in THz wave propagation [11-15]. The 

photonic crystal fiber (PCF) provides a highly promising solution due to its remarkable 

wave-guiding capability with reduced absorption loss, near-zero flattened dispersion, 

and lower confinement loss [16-19]. In addition, presently PCF has attained acceptance 

in sensing areas because of good sensitivity in detection, low weight, tiny size, etc. [1, 

2, 10, 20-22]. Moreover, versatility in geometrical parameter selection and most 

importantly optical properties optimization flexibility by regulating the structural 

specifications have attracted researchers’ attention [1, 2, 10, 16-34].  Proper PCF 

designing and optimization thus is a vibrant research domain. This Chapter offers a 

brief description regarding the background and present state of the problem, motivation, 

research objective, and outline of the thesis.  

1.2  Background and present state of the problem 
 

Considering the potential of PCF devices in waveguiding and sensing cases, as well as 

the scopes of improving performance by the proper geometry development, several 

PCF geometries have been proposed over the last decades by different researchers.  
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For efficient use of PCF in THz wave guidance, several PCFs have been designed in 

recent years. M. S. Islam et al. have proposed an elliptical-shaped porous core with 

Kagome structured cladding PCF for THz wave transmission, and report a very low 

EML of 0.056 cm-1at  specified design condition and operation frequency of 1 THz in y-

polarization. The practical implementation of the presented PCF geometry is quite 

complex using existing fabrication methods due to Kagome structure cladding and 

elliptical core [26]. B. K. Paul et al. have presented a hexahedron-shaped core PCF for 

efficient wave guiding with a modest EML of 0.051 cm-1 for a working frequency of 

0.6 THz. The waveguide dispersion characteristic of this PCF is ± 0.6 ps/THz/cm in the 

frequency range of (0.8-1.4) THz [27]. A honeycomb cladding and hexagonal slotted 

core structured PCF is presented in [28] that exhibits 0.095 cm-1 EML with a 

birefringence of 0.083 at 1.5 THz. A quasi-pattern PCF design is developed by B. K. 

Paul et al. for the THz waveguiding application; this PCF provides an EML of 0.038 

cm-1 at 1 THz but suffers from a quite high waveguide dispersion [6]. I. K. Yakasai et 

al. present a PCF geometry with elliptical air holes set up in the core and circular air 

holes arrangement in a hexagonal manner in the cladding. This PCF shows a moderate 

material loss of 0.03 cm-1 at 1.3 THz with a peak waveguide dispersion of 3 ± 1.2 

ps/THz/cm in y-polarization [29]. In 2017 S. Sen et al. suggested a circular-shaped core 

and cladding PCF structure which shows an effective material loss of 0.04 per 

centimeter with an effective area of 2.80×10-7m2 for 1THz operating frequency but 

they ignored an important property characterization which is waveguide dispersion. 

Near zero flattened dispersion is very important for effective THz pulse transmission 

[35]. In the same year M. A. Habib et al. proposed an asymmetrical rectangular slotted 

air core and a rectangular-shaped cladding that was filled with circular air holes. The 

outcomes of this presented PCF structure exhibit the lowest value of EML of 0.035 cm-

1 at optimum parameters. This proposed design shows very high confinement loss and 

they avoid the calculation of effective area, although a large effective area is necessary 

to minimize the nonlinear effects [36]. M.S. Islam et al.  presented an asymmetrical 

rectangular slotted air cladding with elliptical array core PCF, where zeonex is used as 

background material. The numerical analysis of the PCF reveals an EML of 0.06 cm-1 

at 1THz [37]. A modified cladding structure with enlarged core geometry of the 

previously proposed design [37] is suggested by M.S. Islam et al. in 2018. This 
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modified design shows an improved birefringence but increases the EML of 0.06 cm-1 

to 0.065 cm-1, which causes more light absorption by zeonex [38]. An elliptical-shaped 

core filled by slotted rectangular air holes with an EML of 0.047 cm-1 is reported by M. 

Faisal et al. in 2018 [39]. A complex kagome structured cladding and hexagonal-

shaped core inserted by multiple numbers of hexagonal air holes are reported by S. 

Rana et al. Although their numerical report presents a low EML of 0.029 cm-1 at 1.3 

THz frequency a kagome-structured PCF fabrication is very perplexing compared to a 

circular structured PCF [40]. Recently in 2019, M.S. Islam et al. modified the PCF 

structure which was previously reported by S. Rana et al. They modified only the core 

section with an elliptical core structure instead of a hexagonal core and the core filled 

with slotted air holes. The outcome of their modified PCF structure is not suitable for 

EML reduction, which provides an EML of 0.056 cm-1 for 1 THz operating frequency 

[41]. F. Ahmed et al. introduced a PCF with a spiral-founded cladding and circular-

shaped core formed by circular air holes. They achieved an EML 0.0167 cm-1 which is 

low compared to recently published articles, but because of the spiral cladding 

structure, practical implementation is completed when compared with a circular 

sectored cladding PCF [42]. K. Ahmed et al. presented an octagonal core structured 

PC-PCF which exhibits an effective material loss of 0.049 cm-1 at 1 Terahertz operating 

frequency, but ignored two necessary properties which are confinement loss and 

dispersion. Characterization of these properties is very essential for long-distance THz 

wave propagation with low bit error [43]. B. K. Paul et al. in 2018, a hexagonal core-

cladding structured PC-PCF is proposed to minimize the effective material loss that 

exhibits an EML of 0.030 cm-1 with a high confinement loss of 20 × 10-2 cm-1 at an 

operating frequency of 1 THz [44]. 

 

Besides, efficient THz wave guidance, already PCF has proved the potentiality in 

sensing platform due to its highly promising guiding features, versatile diversity for 

applications, and faster response with precise results for detection approaches. Already, 

several types of PCF geometries have been developed and numerically analyzed for 

different analytes detection cases. Recently, M. S. Islam et al. has introduced a Kagome 

structure cladding and hexagonal core PCF for chemical identification with absolute 

sensitivity of 85.7 %. This PCF also shows a low confinement loss of 1.7 × 10-9 cm-1. 
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Due to the overlapping of rectangles in structure, fabrication is a big challenge for this 

type of geometry [22]. B. K. Paul et al. have presented a slotted core PCF for sensing 

purposes. This PCF design attains 48.28 % sensitivity and confinement loss of 1.26 × 

10-5 cm-1 at an operating wavelength of 1.33 µm [43]. Alongside, M. S. Islam et al. 

proposed a cyanide detection mechanism using a hexagonal core and sectored cladding 

PCF. The proposed PCF structure shows a sensitivity of 85.8 % and a low confinement 

loss of 1.62 × 10−9 cm-1 [1]. Using circular air holes with a hexagonal arrangement in 

the cladding area and elliptical lattices in the core region constitute, a PCF geometry by 

E. Poddar et al. is reported for sulfuric acid detection in liquid samples, which gives a 

sensitivity of 63.5 % [31]. S. Sen et al. proposed a rotated-hexacore and circular 

cladding structured PCF for detecting liquid chemicals in the THz regime. The 

maximum sensitivity reported is 76.44 % for Benzene detection at 1 THz [44]. S. R. 

Tahhan et al. have presented a PCF structure with circular lattices in core and cladding 

in a pentagonal fashion that renders maximum sensitivity of 82% for Ketamine 

identification in liquid drugs [45]. A symmetrical core-cladding structure is introduced 

in [33] for gas sensing application in the THz regime. But, different sizes of air holes 

are used in the core that increases the fabrication complexity, while the birefringence 

profile is not considered for developing this PCF geometry. Recently, B. K. Paul et 

al. proposed a quasi-fiber for liquid chemical detection and shows 73.78 % sensitivity 

for particular design parameters [2]. S. Singh and V. Kaur have proposed [46] a PCF 

structure with a sensing ring around the solid core region for detecting major 

constituents of blood. Their demonstrated the sensitivity of 66.46978 % for hemoglobin 

sensing at 1.4 µm with a confinement loss of 8.1343 × 10-9 (dB/m) obtained for RBCs 

detection cases. Later they have reinvestigated their previous work and achieved 

improved sensitivity of 55.82 %, 58.047 %, 62.721 %, 65.054 %, and 66.469 % for 

RBCs, hemoglobin, WBCs, plasma, and water respectively with reduced confinement 

loss [47]. It should be mentioned that except sensitivity and confinement loss, no other 

crucial sensing properties are examined in both works. A PCF geometry is proposed by 

K. Ahmed et al. [21] consists of type-b crystalline core, and gives a maximum 

sensitivity of 80.93 % for RBC detection at 1.5 THz. A very low confinement loss of 

1.23 × 10-11 dB/cm is also attained for the same substance and at the same THz 

operating point. However, absorption loss by the background material is not considered 
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in this investigation. M. B. Hossain et al. [48] presents a hollow core PCF with 

asymmetrical slotted cladding for the detection of blood components. The authors 

report sensitivity upto 93.5 % through geometrical optimization for identifying RBCs. 

However, performance of the PCF regarding effective material loss (EML), dispersion 

and numerical aperture are not studied in this work. M. B. Hossain et al. [49] have 

designed a rectangular hollow-core PCF geometry for bane chemical identification. The 

highest sensitivity achieved 94.4 % is achieved and confinement loss is 1.71 × 10-14 cm-

1 at 1.8 THz frequency. Still, some necessary properties such as dispersion, NA, and 

effective area are not addressed in this research. Besides, fabrication possibilities using 

the existing techniques is not addressed properly. In 2019, M. M. Hasan et 

al. developed a heptagonal shape PCF-based sensor for chemical sensing and achieved 

maximum sensitivity of 63.24% in benzene sensing [50]. Absorption experience by the 

background material and some crucial sensing properties are not included in this study. 

Previously, B. K. Paul et al. have been presented a chemical sensor based on PCF, and 

the numerical outcome showed the sensitivity of 66.73% for pentanol detection [51]. A 

Zeonex-based PCF for ethanol sensing is introduced by J. Sultana et al. to improve the 

sensitivity and they obtained 68.87% sensitivity at 1 THz frequency [52]. A rhombic 

shape core PCF has been proposed by M. S. Islam et al. [53] for aqueous analytes’ 

sensing application, and they reported 69% sensitivity. M. S. Islam et al. have presented 

a hollow core PCF-based THz sensor for chemical sensing and the developed sensor 

exhibits a maximum 96.8% sensitivity for 1.4 THz frequency [20]. 

Based on the above discussion, one can see that there is a good scope of research toward 

developing a PCF for efficient THz waveguiding as well as for the detection of various 

analytes with ultra-high sensitivity. 

1.3 Motivation 

Several PCF geometries have been proposed over the last decades by different 

researchers. Square [20], circular [32], hexagonal [1, 23], suspended [19], rectangular 

[34], quasi-pattern [6], elliptical [26], Oligoporous [25] etc. shaped core PCF have been 

developed and tested for waveguiding and sensing applications in the THz spectrum. 

For efficient use of PCF for THz wave guidance several PCF structures have been 
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proposed [6, 17, 19, 23-26, 28, 31]. It is to be noted that some of these works do not 

analyze many crucial optical properties [23, 26, 24, 28], while some works have 

comparatively higher losses, higher dispersion, lower effective area, lower core power 

fraction, etc. [24-26, 28].  

Apart from designing efficient PCF structures for THZ wave guidance, sensing with 

PCF in diverse applications has a great potential especially for the detection of harmful 

liquid chemicals, biological components and evanescent substances.  In recent times, 

various PCF-based THz sensors have been proposed by researchers for detecting 

different analytes for example water, methanol, ethanol, benzene, Sulfuric acid, 

Cyanide, blood components etc. [1, 10, 20-22, 31, 32, 34] as discussed before. 

However, considering the harmfulness of different air pollutants for example dioxin, 

nitrogen dioxide, hydrogen sulfide etc. and for diagnosis of hematologic diseases 

different biological components in blood (blood cholesterol, blood protein etc.) and 

urine (albumin) need to be considered as a targeted analyte. Additionally, lower 

sensitivity, and higher confinement loss as well as lack of elaboration for possible 

fabrication using existing fabrication techniques of their developed complex PCF 

geometries need to be addressed.  

The present research works lack in some cases, selection of improper core cladding 

geometry, inappropriate development of core type without considering the purpose of 

uses, complex core cladding structure selection, absence of crucial optical properties 

evaluation, non-consideration of a number of analytes, higher losses, lower sensitivity 

whereas in general the issue of fabrication for practical implementation is not properly 

elaborated. Thus, there is ample scope to improve the performances of PCF by proper 

geometry selection and fine design parameters regulation in both wave propagation and 

sensing applications alike. 

1.4  Objectives 

The main objectives of the research work are as follows: 

i. To design and characterization of new PCF geometries for THz waveguiding with 

improved performance. 
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ii. To develop PCF-based sensors for different analytes’ (Chemical, Gas and 

Biological) identification with high sensitivity. 

iii. To develop suitable PCF geometry that is able to perform both THz waveguiding 

as well as analyte sensing application with improved performance. 

iv. To study and compare the performance of the developed PCFs geometry in THz 

wave propagation and sensing of analytes with those of contemporary research 

works.  

 

1.5  Outline of the Thesis 

This thesis contains total eight (08) Chapters. The detailed description of each Chapter 

is as follows-   

Chapter 1 presents the overview of this thesis including background and current states 

of the problem, objectives, and motivation of this thesis.  

Chapter 2 provides the details regarding photonic crystal fiber, PCF types and its 

applications. Guiding mechanism of PCF is also delineated in this Chapter. Terahertz 

frequency and its application are also discussed in detail.   

Chapter 3 describes several necessary optical properties of PCF for waveguiding and 

sensing.  Methods for evaluating their properties are also briefly described.  

Chapter 4 provides proposed PCF geometries for THz waveguiding and their design 

process, and result analysis.  

Chapter 5 provides proposed PCF geometries for analytes sensing and their design 

process, and result analysis.  

Chapter 6 provides the proposed PCF geometry for THz waveguiding and analytes 

sensing. Design process, and result analysis are discussed here.  

Chapter 7 discussed on current developments of PCF fabrications and the potential for 

fabricating the proposed PCFs in the context of current development.  
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Chapter 8 summarizes the major outcomes of the thesis. It also describes some 

limitations and further scopes of works in the PCF field and beyond. 
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Chapter 2 

Photonic Crystal Fiber and Terahertz Spectrum 

 

2.1 Introduction 

 
Recently microstructure fibers have gained enormous attention for several applications 

in THz spectrum for various significant fields such as high frequency waveguiding, 

non-invasive medical imaging, sensing, security, spectroscopy, oral healthcare, cancer 

cell detection, bio-technology, telecommunication, military, environmental 

applications, detection of defects in solar panels, characterization of dielectric 

materials, pharmaceutical drug testing and astronomy with a huge range of frequency 

between IR and microwave.  THz generator and detector are commercially available in 

everywhere but a guided medium for THz wave still big challenges since several losses 

associated with it and it is influenced by different parameters. Terahertz sensing 

technology already has shown numerous breakthroughs in various fields especially 

biological sensing and it allows the measurement of dispersion and losses. This Chapter 

offers the details of PCF, PCF types, its application, and Terahertz spectrum.   

 

2.2 Photonic Crystal Fiber (PCF) 

Photonic crystal fiber (PCF) is constructed with the combination of the properties of 

photonic crystal and the optical fiber. The PCF is a unique class of fiber with unique 

cladding structure. The PCF exhibits exceptional optical properties these are not 

available in the conventional optical fiber. The core-cladding structure of conventional 

optical fiber is also fixed in classical fiber, on the contrary in PCF has core-cladding 

design flexibility. Depending on the core type PCF basically characterized in three 

category namely solid core PCF, porous core PCF and hollow core PCF. These three 

types of PCF will be discussed in details in the following sections.  

2.2.1 Solid Core PCF 
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Solid core PCF is basically a class of index guided PCF which constructed with solid 

material in the core section and air holes in the cladding region [54]. A basic solid core 

PCF is displayed in the Figure 2.1. The suitable application of this type of PCF is that 

where small core size PCF is needed as well as highly birefringence characteristic is 

essential. Because of solid host material on the core region excessive material 

absorption loss is rendered in this type of PCF. So, for long distance communication 

solid core PCF is a not a good choice.  

 

Figure 2.1: Solid Core PCF [54]. 

 

2.2.2 Porous Core PCF 

In the year of 2008 the researchers have introduced a new type of PCF with 

subwavelength small air holes in the PCF core region for THz applications [54]. A 

typical porous core fiber is displayed in Figure 2.2.  Because of several tiny air holes 

placing in the solid core its termed as porous core fiber. The ratio of total solid area and 

the total air area in the core called porosity of the fiber core. By increasing or decreasing 

the core porosity the material area can arrange in the core. The material absorption of 

the fiber in the core area can be controlled by controlling the porosity of the fiber and 

this is a unique feature of the porous core fiber. The core of the porous core fiber 

constructed with a significant amount of host material that helps to provide structural 

strength than a hollow core fiber. There is a huge scope to design the geometrical 

parameters in the core as well as in the cladding by changing the holes shapes, sizes, 

pitch sizes etc. for enhancing the performances. Due to the low absorption loss and 
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single mode profile characteristics the porous core fiber renders excellent performances 

for long distance waveguiding. Because of low material absorption, single mode 

profile, design flexibility for controlling loss and other optical parameters in this thesis 

we have chosen porous core fiber for THz wave guidance, more details regarding the 

porous core fiber, its design process, and performances are discussed in Chapter 4.  

 

Figure 2.2: Porous Core Fiber [54]. 

 

2.2.3 Hollow Core PCF 

Hollow-core photonic bandgap fibers turn conventional fiber technology inside out by 

guiding the light in a hollow-core. A typical hollow core fiber is shown in Figure 2.3. 

This unique structure of hollow core with highly porous cladding, as PGB fiber the 

refractive index varies in both propagation and transverse direction periodically [55]. 

This unique fiber core is filled with lossless air which opens for sensing, imaging, short 

distance communication, and ultrashort pulse applications. The hollow core PCF 

contains greater analyte volume inside the core area compared to a porous core. 

Alongside, hollow core PCF minimizes the requirements of bulk material that helps to 

reduce the material absorption loss. Furthermore, due to the absence of solid material 

in the core and porous structure in the cladding section makes it damage prone in the 

long-distance installation. Because of aforementioned reason for sensing applications, 

we have chosen hollow core fiber. More details regarding the hollow core fiber, design 

process, and sensing performances for different anlytes sensing application are 

discussed in Chapter 5.  
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Figure 2.3: Hollow Core Fiber [55].  

 

2.3 PCF’s Characteristics 

Due to several advantageous nature in the PCF platform over conventional optical fiber, 

waveguiding as well as a sensor PCF can be utilized. Low index contras, absence of 

design flexibility, high losses etc. are the major limitations of conventional optical fiber 

these pitfalls can be utilized by the PCF. The optical behaviors of PCF rely on two 

things namely intrinsic properties of host material and geometrical structure. The 

optical behavior cannot be changed for a specific material but all the optical behaviors 

can be tunned by the geometrical specifications. The PCF perform with single mode 

characteristics for a wide range of wavelength by small ratio of air holes size and air 

hole spacing [56]. Asymmetrical hole structure in the core and cladding renders highly 

birefringence nature that leads to a polarization maintaining fiber. It is possible to 

achieve extremely large or extremely low mode area in the PCF whose helps to 

minimize or extend the PCF nonlinearities. PCF can be constructed with low sensitivity 

setup to bend losses also for large mode area [56]. Wave guidance is possible in 

photonic bandgap fiber (even hollow core fiber) with the certain air holes arrangement. 

Higher refractive index material in the inner section of the fiber is no longer required 

in PCF platform. This kind of hollow core waveguide is highly suitable for dispersive 

pulse compression at high pulse energy level. For analyte sensing, nonlinear spectral 

broadening or for variable power attenuator, lager holes PCF can be exploited.  
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Multicore development is very possible in regular shape PCF where coupling between 

the cores may or may not be required. Furthermore, it shows high index contrast and 

the most unique matter is that it is a single material fiber.  

 

2.4 Waveguiding Mechanism of PCF 

Waveguiding mechanism in the PCF depends on the type of the fiber. For index guided 

fiber the waveguiding properties almost same as conventional optical fiber [57]. There 

is a simple difference from conventional optical fiber is that the refractive index of the 

PCF is not fixed, which depends on the wavelength. Depending on the wavelength the 

filed expands or scale down to the cladding which changes the refractive index of the 

cladding. For this reason, the light is guided in the PCF by MTIR process instead of 

TIR. For low index guided or hollow core fiber light is guided by PBG [58] or anti-

resonant effect [59] due to low refractive index material in the core than cladding.  

2.5 Sensing Mechanism using PCF  
 

 

The sensing mechanisms in the PCF platforms can be shortly illustrated as below: 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Absorbance 

Reflectance 

Luminescence 

Fluorescence 

Refractive index 

Opto-thermal effect 

Light scattering 

Measured in a transparent medium 

Measured in non-transparent media, 

usually using an immobilized 

indicator 

Based on the measurement of the 

intensity of light emitted by a 

chemical reaction in the receptor 

system 

Measured as the positive emission 

effect caused by irradiation 

Measured as the result of a change in 

solution composition 

Based on a measurement of the 

thermal effect caused by light 

absorption  

 

 
 

Based on effects caused by particles 

of definite size present in the sample 
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2.6 Terahertz Spectrum 

 

The electromagnetic wave spectrum from 0.1 to 10 THz range frequency is defined as 

the THz frequency band which occupies the middle ground between microwaves and 

infrared [2]. Although some researchers suggested to setup it 0.3 THz to 3.0 THz [60, 

61]. The electromagnetic spectrum and its application areas are displayed in Figure 

2.4(a), where the magnified view near the THz band is exhibited in Figure 2.4 (b).  From 

Figure 2.4 (b) it is visualized that the THz band is overlapping with the longer 

wavelength end of the EHF band and the shorter wavelength end of the FIR band. It is 

seen that from Figure 2.4 (b) the EHF band ends at closely 0.3 THz but the THz band 

starts from 0.1 THz, similarly on the other side the THz band ends at 10THz but the 

FIR starts from 1.0 THz. So, the overlapping is identified on both ends. Since this type 

of overlapping is not a usual situation but there is also another such type of overlapping 

already exists between x-ray and gamma-ray bands. Using several units, the researchers 

specified the THz band. In this thesis, we have considered THz as a spectral unit. Except 

for the frequency range the THz can be expressed in other forms including,  

▪ Angular frequency: w = 2πf = (0.628 - 62.8) rad/s.  

▪ Time: t = 1/ f = (0.1 – 10) ps. 

▪ Wavelength: λ = c/ f = 30 µm–3 mm.  

▪ Wavenumber: �̅� = 1/λ = (3.3–333) cm-1.  

▪ Photon energy: hf = ћw = 410 µeV - 41 meV, where, h = 2πћ , indicates 

Planck’s constant.  

Due to the unavailability of materials or devices, the expansion of THz technology is 

lagging for effective utilization compared to other frequency bands like microwaves 

and optics. A very limited number of commercial products are currently operating in 

the THz band, on the contrary, a massive number of products are utilized in commercial 

and many other sectors. However, already several pieces of research have been able to 

prove the potentiality of THz band in several applications as we as on the societal 

impact. 
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Figure 2.4: Electromagnetic spectrum (a) Electromagnetic spectrum with application 

areas, (b) Expanded view of the neighborhood of the THz band [61].  

 

2.7 THz Sources and Detectors 
 

For THz band communication, besides designing of a waveguide, THz sources and THz 

detectors are the two important components. Several THz sources and detectors are 

currently available in the market [62]. So, the challenge is to design a proper waveguide 

with low losses. Some available THz sources and detectors are discussed in the 

following sections.  

2.7.1 THz Sources 

A good numbers of THz wave generator are available now. In the laboratory 

carborundum heated rod and mercury lamp are generally utilized as a THz sources [63]. 

Both mentioned THz sources are from high power laser including klystrons [64], 

travelling-wave tubes [65], and free-electron lasers [66]. Apart from these solid-state 

electronics is another source for THz wave generation.  Gunn diode [67] and high 

frequency oscillators [68] are the two solid-state electronics THz sources. Ge-Si can be 

a potential source for efficient THz wave generation [69]. Some gas laser also able to 

generate THz wave [70]. Optical sampling method also been utilized to produce THz 

radiation by using conductive dipole antenna [71]. 
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2.7.2 THz Detectors 

It is very hard to detect the THz band signal by using conventional by means electronics, 

which only can able to access the lower end of the THz spectrum. Photoinductive 

antenna, and bolometer are the most useable THz detectors. THz radiation detection 

with nonlinear crystal is another popular technique. Besides THz wave detection the 

photoinductive antenna also can perform as a THz source which consists of two metallic 

strips with a photoconductive switch between them. It performed like as pump-probe 

measurement where optical probe pulse works alike photoconductive switch. The THz 

radiation to be detected when it passes the photoconductive switch [72]. The process 

also known as electro-optic sampling. Thermal detection method is used in bolometer 

technique. In this process the radiation is detected depends on the heat generation 

during absorption. Indium antimonide (InSb) bolometer can be used as a THz wave 

detector [72]. In non-linear crystals a terahertz wave and electric field can interact [73]. 

One can exploit to isolate THz radiation from this interaction by interferometrically 

changes of optical phase. 

2.8 THz Applications 

The electromagnetic radiation in the THz band interacts strongly with the system which 

renders the lifetimes behavior in picosecond and/or meV range energy. Several systems 

can be considered as such types of system, for example bound electrical charges (74), 

free charge plasmas (75), strongly confined charge plasmas (76), transient molecular 

dipoles (77), phonons in crystalline solids (78), hydrogen bonds in chemicals (79), 

intermolecular forces in liquids (80), and biological matter (81). The THz frequency 

spectrum has gained enormous attention, not only for communication also for several 

diverse application such as sensing, medical imaging, drug testing, security, 

spectroscopy, oral healthcare, cancer cell detection, bio- technology, military, 

environmental applications, detection of defects in solar panels, characterization of 

dielectric materials and astronomy [22, 82-85]. THz spectrum have significant uses in 

the nonmetallic materials such as wood, ceramics, paper, plastics, and fabrics for 

quality control of products and surveillance imaging. Several studies already shown 

THz frequency also can be used for material characterization.  One of the most 
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limitation of THz rays is that it loses a significant amount of energy by water 

absorption. Due to strong absorption characteristics of THz radiation by the water 

molecules it is suitable for sensing of hydration level of biological tissue which enhance 

the interest of skin cancer detection in the THz frequencies. Furthermore, THz 

frequency also applicable for medical and dental diagnostics because of ono-ionizing 

and non-invasive nature.  

2.9 Summary  

Different types of PCF and their characteristics are discussed in this Chapter. As per 

natural behaviors of microstructure fibers, it can be said that porous core fiber will be 

preferable for long-distance communication compared to solid core and hollow core 

fiber in terms of EML and long-distance wave guidance respectively. On the contrary, 

hollow PCF offers higher sensing capability for analyte sensing applications. THz 

spectrum, available THz sources, and THz detectors are also discussed here. The above 

discussion indicates that THz frequency offers several diverse applications including 

communication and sensing. Several optical properties should be evaluated for a PCF 

to ensure its performance in waveguiding and sensing applications. The necessary 

optical properties for both waveguiding and sensing applications and their analysis 

methods will be discussed in the next Chapter.  
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Chapter 3 

 

Optical Properties and Methods of Numerical 

Analysis 
 

3.1 Introduction 

 
The optical behaviors of PCF can be controlled by the geometrical specifications. There 

is the freedom to change the geometrical size and shape in the PCF platform. The optical 

properties can be measured by the simulation process. During the simulation process, 

PCF geometry can be modified until fulfilling the requirements. On the contrary, after 

producing a prototype geometrical modification is a challenging task, in some cases, it 

is impossible to modify further. So, before making a prototype extensive analysis is 

required through simulation. For such analysis, FEM is an excellent method and can be 

executed in the COMSOL Multiphysics software. PCF design process, simulation 

process, and necessary optical properties are discussed in this Chapter.  

3.2 PCF design and Analysis Methodology 

Considering the purpose of uses and fabrication complexity, different PCFs geometry 

has been developed in COMSOL Multiphysics software v.5.3a. Different optical 

properties for both waveguiding and sensing cases are assessed using Finite Element 

Method (FEM) in COMSOL Multiphysics by tuning the geometrical parameters. By 

comparing the measured results an optimum geometrical condition is identified for 

better attainment.  Both porous and hollow-core PCF has been considered for the design 

of THz wave guide and sensing application, respectively. Circular, octagonal, 

hexagonal, square etc. core structures are also investigated.   

For ensuring the efficient THz wave guidance by the developed PCF structures, several 

optical properties including effective material loss (EML), confinement loss (CL), 

dispersion, effective area, core power fraction, V-parameter, birefringence, bending 

loss, etc. are evaluated in FEM. Different toxic chemicals (ethanol, methanol, benzene, 
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etc.), air pollutants (dioxin, nitrogen dioxide, sodium cyanide, hydrogen sulfide, etc.) 

and biological components (RBC, WBC, hemoglobin, plasma, cholesterol, albumin, 

etc.) are considered for testing the performance of the developed PCFs as sensor. 

Different optical properties such as sensitivity, confinement loss, effective material 

loss, numerical aperture etc. for the developed PCF designs are evaluated at optimum 

geometrical conditions. Required calculations has been carried out in COMSOL and 

MATLAB. The obtained results compared with recently proposed works. In addition, 

potential of fabricating the proposed designs is also described briefly considering the 

present fabrication technologies for the PCF structures introduced.    

 
The PCF design and analysis processing steps are summarized as below: 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: PCF Design and analysis methodology flowchart. 
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3.3 Optical Properties for Waveguiding & Analyte Sensing 
 

 Several limiting factors are present in the terahertz regime that limit the transmission 

and efficient detection of analytes namely effective material loss (EML), confinement 

loss (CL), bending loss, dispersion, sensitivity, numerical aperture, effective area, etc.  

Finite element method (FEM) with Comsol software (v.5.3a) is employed to design, 

and for modeling and measuring the necessary optical properties for evaluating the 

performances.  The necessary optical properties for waveguiding and sensing cases will 

be discussed in the following sections.  

3.3.1 Effective Material Loss (EML) 

      When an optical pulse travels through the internal portion of a PCF some losses occur 

by a guided mode. Indeed, this loss is formed due to the use of polymer materials which 

has the feature of light absorption. Material absorption loss or effective material loss 

(EML) is the most limiting factor in THz wave transmission through a PCF.  

The mathematical expression of EML can be derived using conjugate and non-

conjugate reciprocity theorem of Maxell’s laws [86]. Two different electromagnetic 

conditions are needed in this regard. As a first condition we can consider, index of 

refraction 𝑛, current density, J, electric and magnetic fields E and H respectively. On 

contrast, , ,n J E and H can be consider as second condition. All vector components 

hold the time dependence, je − , where ω is angular frequency. Index refraction profiles 

𝑛 and n  determined spatial variables. 

 

The vector function Fc can be defined by following expression in conjugate form,   

* *

cF E H E H=  +                                               (3.1) 

Here, * indicate the complex conjugate. The EM fields satisfy conjugate form of 

Maxwell’s equations [86]                              
1

2

* *0

0

E i k H



 = −
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( )
1

2
2

* * *
0

0

H J i k n E




 
  = +
 
 

                                              (3.2) 

Where, 
0 , 

0 and k are real.  

To express equation (3.2) the following vector identity can be followed  

( ) ( ) ( )t t tA B B A A B  =   −    

Now, equation (3.2) can be written as,  

( ) ( )
1

22 * * * *
20

0

cF i k n n E E E J J E




   
 = − −  −  +   

  
                          (3.3) 

Applying divergence theorem, Fc can be written as 

c c c

A A l

F dA F zdA F ndl
z


 =  + 

                                         (3.4) 

[The divergence theorem, 
S S l

Ads A zds A ndl
z


 =  + 

   ] 

 

Here, A represents the arbitrary cross-sectional area, unit vector parallel to the z-axis 

represent by z , For optical waveguide, the line integral over the circle r = ∞, where r 

is the cylindrical radius. That indicates Fc vanishes as r → ∞, since the bound node 

amplitude falls exponentially.  As per discussion we obtain the reciprocity theorem 

from (3.4) by dropping the line integration part, 

Now,  

c c

A A

F zdA F dA
z

 


 =  

                                            (3.5) 

This expression is applicable for uniformed refractive index profile, including material 

absorption, When, n has imaginary part.  

For deriving the attenuation constant, we replace Fc by Gc in (3.1)  

*

cG E H=                                                     (3.6) 

The magnetic permeability µ has very close value to free space value of µ0. 

1

2
0

0

E i kH




 
 =  
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1

2
20

0

H J i kn E




 
 = −  

 

                                       (3.7) 

( )2

0

n E



 =    

0H =  

Consider that, ,n n=  0J J= = . Using (3.6), the vector identity can be deduced as,   

( )

1 1

2 2 ** *
20 0

0 0

cF ik kH H n E E
 

 

 
    

  =  −     
    
 

                         (3.8) 

Replacing Fc by Gc in (3.5),  

( )

1 1

2 2 ** * *
20 0

0 0A A

E H zdA kH H n E E dA
z

 

 
 

 
     

  =  −     
     

 

                 (3.9) 

The EM fields in forward and backward propagation mode in terms of propagation 

constant βj, 

i jz

jE e e =  

       
i jz

jH h e =                                              (3.10) 

i jz

jE e e −

−=  

i jz

jH h e −

−=  

From (3.9) and (3.10) we can write,  

( )

1 1

2 2 * 2
20 0

0 02
j j

A

j

j j

A

k
h n e dA

e h zdA

 

 






 
    

−    
    
 =

 




                              (3.11) 

This solution only applicable for absorbing waveguide. For non-absorbing waveguide 

(3.11) can be written as  

 

1

2
2 *0

0

2
2

j j

A

j

j

A

k n e h dA

n e dA




 



 
 

 =



                                    (3.12) 



 

 

23 

 

 

In terms of attenuation, (3.12) can be expressed as 

1

2 2
0

0

*

2

Re

r i

j

Ax

j

j j

All

k n n e dA

e h zdA






 
 
 

=
 

  
 





                                      (3.13) 

where, j is the power attenuation constant, which can be further simplified as   

2
1

2
0

0 *Re

mat

mat

A

eff

All

n E dA

E H zdA







 
=  

  
  

 





                                         (3.14) 

Here, ϵ0 and μ0 denote the relative permittivity and relative permeability into the free 

space, respectively, n and αmat the refractive index and absorption by Topas, z

represents the z-component of the Poynting vector, and the electric field component is 

denoted by E. 

3.3.2 Confinement Loss (CL) 

Confinement loss is considered as another crucial factor because the length of 

propagation of the transmitted signal is limited by the confinement loss in the THz 

waveguide. It maintains a direct relationship with the number of holes in the cladding, 

shape of air holes and strut of air holes. If the cladding consists of an infinite number 

of air holes, it will lead to zero confinement loss. In practice, for design simplicity finite 

numbers of air holes are used in the cladding region. The loss is expressed as [20] 

14
( ) ( ),c eff

f
L Im n cm

c

 −=                                              (3.15) 

 

where c and f indicate the speed of light and working frequency, respectively. The 

imaginary part of the complex refractive index is denoted by 𝐼𝑚(𝑛𝑒𝑓𝑓) .   

3.3.3 Core Power Fraction (CPF) 

The mode power is propagated through the different region of the PCF including core 

air holes, core material and cladding area. The amount of mode power propagation 
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through any region can be calculated by (3.16), which is called power fraction [5-6]. 

Core power fraction (CPF) is defined as the volume of power which will propagate 

through the area of the core. CPF is given by 

 
  

Z
X

Z
All

Core power fractio
S dA

S dA
n =





                                                (3.16) 

The denominator part of the above equation is integrated for the total fiber region and 

the numerator part is for the core region. 

 

3.3.4 Effective Area (EA) 

Another important property of PCF is effective area, which is defined as the interaction 

area of light with matters within the PCF. Large value of effective area is very important 

for communications devices, because large effective mode area minimizes the 

impairments arising by the different nonlinear effects. Large effective area can be 

achieved by using small air holes and increasing the distance between the air holes in 

the cladding section. The effective area can be characterized by following relationship 

[18-19]  

2

2 2

[ ( ) ]

[ ( ) ]
eff

I r rdr
A

I r dr
=



                                                          (3.17) 

Here, electric field distribution over the cross-section of fiber is denoted by I( r), where  

𝐼(𝑟) = |𝐸𝑡|2.  

 

3.3.5 Dispersion 

A significant factor that limits the signal transmission quality is dispersion. Lower and 

broader range flattened dispersion helps to improve the ability of a PCF based THz 

sensor for multichannel sensing operations [22]. Flattened dispersion of PCF indicates 

that the capability of traveling multiple signals simultaneously. There are two types of 

dispersions in a single mode fiber, waveguide dispersion and material dispersion. In our 

all-proposed designs, Topas has been used as background material due to well suited 

properties including negligible material dispersion [87-88]. Thus, material dispersion 

can be ignored. Waveguide dispersion is mainly dependable on the variations of 
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effective refractive index in core and cladding. Highly porous cladding and air core 

selection are other key reasons to mitigate waveguide dispersion fluctuation. If the 

range of dispersion is high, then the adjacent bits will overlap with each other which 

situation will create the problem of bit error. The dispersion can be described as [22] 

2

2 2

2 eff effdn d n

c d c d




 
= +                                                   (3.18) 

where velocity of light into free space is c, angular frequency 𝜔  and 𝜂𝑒𝑓𝑓 the effective 

refractive index of the material.  

 

3.3.6 V-parameter 

For long range, THz transmission light pulse will have to propagate in a single mode 

environment, which is quantified by the following [89] 

2 2

1 2

2 rf
V n n

c


= −                                                      (3.19) 

where V represents the modeness of the fiber. If V crosses the value of 2.405, it behaves 

as multimode fiber otherwise it will operate as single mode fiber. Here, velocity of light 

is represented by c, r is the fiber core radius, the refractive index of core and cladding 

are denoted by  𝑛1 and 𝑛2 respectively. 

The above equation is suitable for classical waveguide [90]. For porous core with 

symmetrical air holes PCF the classical equation of V- parameter can be modified for 

single mode condition is given below as 𝑉CPF [89], 

𝑉𝑃𝐶𝐹 =
2𝜋

𝜆
Ʌ√𝑛𝑒𝑓𝑓

2 − 𝑛2
2 < 𝜋                                         (3.20) 

where Ʌ is the air-hole pitch. 𝑛eff and 𝑛2 are effective mode index and cladding 

refractive index respectively.  

 

3.3.7 Birefringence 

For functioning as a polarization-maintaining fiber, a notable refractive index 

difference is required in x-polarization and y-polarization modes. This is known as 
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birefringence and expressed as [91] 

 
x yB n n= −                                                          (3.21) 

where nx and ny represent the refractive index of x and y polarization modes, 

respectively.  

 

3.3.8 Polarization Mode Dispersion (PMD)  
 

In a polarization maintaining waveguide, normally the light is travel at the same speed. 

Due to random imperfections and asymmetries the two polarization modes propagate 

with different group velocities, that results in group delay between two polarization 

modes, causing random spreading which limits the performance of the fiber. Here PMD 

is considered in terms differential group delay Δτ, which can be calculated by [91], 

gB

c
 =                                                         (3.22) 

where Bg represents the group birefringence and Bg can be calculated in terms of phase 

birefringence, B is as follows, 

 

g

dB
B B

d



= −                                                      (3.23) 

3.3.9 Sensitivity 

 

The relative sensitivity is one of the prime properties of a sensor to assess the sensing 

response. It can be calculated by the intensity of light-substance interaction. The 

amount of interaction is measured using the absorption coefficient at a certain 

frequency according to the Beer-Lambert law [21] as, 

0( ) ( ) exp[ ]m cI f I f r l= −                                           (3.24) 

where I(f) and I0(f) denote intensity of light after placing the analytes in the designated 

place and intensity of light before placing the analytes in the designated place, 

respectively, αm is called absorption coefficient, length of the channel is lc, which is 

inversely related to the αm, while f is the working frequency and r the sensitivity. 

 

The absorbance of the evanescent or liquid concentration can be calculated as [21] 
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0

( )
log

( )
m c

I f
A r l

I f


 
= = − 

 
                                                (3.25) 

The sensitivity of designed PCF is measured as [22] 

r

eff

n
r F

n
=                                                          (3.26) 

where nr describes the refractive index of targeted samples, neff the effective refractive 

index of guided mode and F is the rate of interaction between light intensity and 

targeted analytes that can be expressed as [21]  

( )
100

( )

e x y y x
sample

e x y y x
total

R E H E H dxdy
F

R E H E H dxdy

−
= 

−




                                 (3.27) 

where Ex and Ey, and Hx and Hy are the electric field and magnetic field components in 

x and y modes, respectively. 

3.3.10 Numerical Aperture 

The light compile ability of a PCF device is defined as a numerical aperture (NA). The 

value of NA depends on the RI difference of core and cladding. For broad sensing 

applications, a higher value of NA is expected which can be assured by large refractive 

index difference between core and cladding. NA can be measured as [22] 

2

2

1

(1 )
eff

NA
A f

c


=

+

                                                 (3.28)
                                

where Aeff is the effective area, while f and c are the operating frequency and speed of 

light respectively.  

 

3.4 Electromagnetism and Wave Equation 

 

The behaviour the electromagnetic signal needs to elucidate as the pulse is an 

electromagnetic radiation. Wave equation also needs to be solved from Maxwell’s 

equation to reveal the propagation characteristics and for finding the modal solution of 

the waveguide.     
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The Maxwell’s equations are listed below in differential form [92]. These equations 

represent the situation of magnetic field and electric field when both travels together in 

a medium.  

 
B

E
t


 = −

                                                              (3.29) 

D
H J

t


 = +

                                                           (3.30) 

.D  =
                                                                     (3.31) 

. 0B =                                                                       (3.32) 

 

where, E indicate that the electric filed intensity, B represent magnetic flux density, H 

is the magnetic field intensity, D is the electric flux density, J denotes the electric 

current density, and  stands for electric charge density.  

 

The fundamental relation between E and D considering the permeability of a medium 

µ is shown in (3.33), and the relation between H and B in terms of µ in 3.34 [92, 93], 

  

0 TB H H  = =                                                            (3.33) 

  0 TD E E  = =                                                               (3.34) 

 

where, 0  and 0 are the permeability and permittivity of the vacuum. T and T are 

the relative permittivity and permeability respectively.  

 

To derive the wave equation, four Maxwell’s equation needs to combines for a solution. 

The combines signal will produce a second differential equations that can be solved for 

the solution. From equations (3.33) and (3.29) it can be written as [92],  

  E H
t




 = −


                                                            (3.35) 

Applying curl both sides and written as, 
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( ) ( )E H
t




  = − 


                                           (3.36) 

substitute (3.30) and (3.34) 

2

2
( )E E

t



  = −


                                                 (3.37) 

Electric field component can be expressed in frequency domain considering the angular 

frequency ω in polar form as [94],  

( , , , ) ( , , ) j tE x y z t E x y z e =                                                (3.38) 

In phasor form we can also replace the time derivative with jω and can be expressed as 

[93],  

j t
j te

j e
t





=


                                                  (3.39) 

  
t



= 


                                                           (3.40) 

From (3.32) and (3.37) one can write 

2( )E E   =                                                     (3.41) 

Similarly, we can express the magnetic field (H) as 

21
( )H H 


  =                                                (3.42) 

As per the vector calculus relation we can write, 
2( ) ( . )E E E  =   − . It can 

be rewrite as, ( . ) (ln )E E  = − .  

Now, putting this value in equation (3.41) we can get the electric field vector wave 

equation. After rearranging, we can write as, 

2 2 (ln ).E E E   + = −                                          (3.43) 

Similarly, the magnetic field vector wave equation can be expressed as,  

2 2 (ln )H H H   + = −                                  (3.44) 
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Equations (3.43) and (3.44) can be represented in scalar form as,  

2 2E E  =                                                           (3.45) 

2 2H H  =                                                             (3.46) 

These equations need to solve for knowing the modes of a waveguide. Various methods 

can be used to analyze the optical optical properties. FEM has been used in this thesis 

as the computational method. FEM and its characteristics will be discussed in the next 

sessions.    

3.5 Methods of Analysis 

Wave propagation and sensing in the optical platform both analysis is a complex 

mathematical process. Accurate analytical solution requires huge time for processing. 

A proper computational technique can minimize the time significantly. Additionally, it 

opens the door to examine the results by numerical analysis. Current several 

computational methods and algorithms are allowing to investigate the optical 

characteristics of PCF devices [95]. Methods of Moments (MOM), Method of Lines 

(MOL), Finite Difference Method (FDM), Finite-Time Finite-Domain method 

(FDTD), Finite Element Method (FEM), etc. are the well-developed optical device 

numerical analysis techniques. In our case we have been utilized the FEM for numerical 

analysis by considering several unparallel features. The investigation process in the 

FEM is discussed in the following sections.  

 

3.6 Finite Element Method (FEM) 

 
In 1940, first the proposal of FEM was revealed and its applications in the area of 

science and engineering were developed in 1960 [96]. From then on FEM is being used 

for solving different complex geometrical structure as well as for more advanced like 

PCF structure. COMSOL Multiphysics with FEM is now strongest computational 

technique for optical or others complex device’s structure analysis [96]. The main idea 

of FEM is that the subdomain/element are constructed from the domain. Each element 

is estimated the solution using basis function usually polynomials. In general, the 
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polynomials have a non-zero value for the elements but in other case it put zero. The 

solution can be enumerated at any point of the element because inside the sub-domain, 

basis function makes effective use of interpolation function which is continuous. If Ψ 

is considered as interpolation function for the unknown field of each element, and e is 

considered as field element, then we can write [96] 

1

m
e

i i

i

N 
=

=                                                        (3.47) 

 

where, m is denoted as the number of nodes in the element, Ni and Ψi are the 

interpolation function and field value at node i respectively.  

 

FEM is capable to handle boundary value problem in both domain frequency or and 

time by setting either variational approach (Rayleigh-Ritz method) or weighted 

residuals (Galerkin method). By using both approaches FEM can reduce the boundary 

value problem and their solution into eigenvalue matrix equations [97].   

 

Using the Rayleigh-Ritz method the magnetic field H formula can be derived by the 

followings,  

 

The wave equation can be represented interms of eigenvalue equation as 

 

0LH MH− =                                                    (3.48) 

where, M is the operators and M = µ, L is the  self-joining operator and 1L  −=  , 

and   is the eigenvalue  and 2 = . 

 

In case of self-joining operator, (⟨Lφ,ψ⟩ = ⟨φ,Lψ⟩), so,  functional provides: 

 

1
( ) , ,

2 2
F H LH H M H H


= −                                       (3.49) 

Here, the symbol ⟨⟩ indicate as inner product and ∗ stands for conjugate,  

 
*,f g g fdV=                                                    (3.50) 

 

At F( H  ) = 0, the stationary value of the functional is 
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,
. .

,

LH H
S V

MH H
 =                                                    (3.51) 

Here, S.V represent hat the stationary value. As per Rayleigh-Ritz method full vectoral 

H field component [98]: 

                 
( ) ( )

* 1

2

*
. .

H H dV
S V

H HdV






−  
=






                                   (3.52) 

The limiting technique constructed as an eigenvalue problem 

 

[ ] [ ]A x B x=                                                       (3.53) 

where, A indicate the mass matrix, B represent the stiffness matrix, x and λ  stands for 

eigenvector and eigenvlue accordingly.  Becuase of this matrix formation its minimizes 

the computational time.  

 

In weighted residuals method no need to include information regarding functional. It 

can be presented as following interms of operator 

Lu v=                                                               (3.54) 

 

Here, differential Laplace operator is represented by L, v indicate the excitation of 

source, and undefined quantity is denoted by u. Using some identified basis functions 

and unidentified coefficients, unidentified function can be contrstructed. The 

unidentified coefficient is chosen as to minimize the residual error. From (3.54) it can 

be written as [92]. 

( )R s Lu v= −                                                     (3.55) 

(3.53) can be represented in matrix form as   

 

[ ][ ] [ ]L u v=                                                       (3.56) 

 

According to the electromagnetic theorem, here unknown quality u represents the 

magnetic field and the L is the operator where 1 2( )L   −=   − and v the source 

where, [v] = 0. 

 

Both of the above mentioned approaches can be applicable to set up the FEM, although 

in weighted residuals, the natural boundary conditions need extra  attention [96]. In this 
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thesis work Rayleigh-Ritz method has been utilized for necessary evaluation. The 

vector formation as well as scalar fomation process in FEM have discussed in the 

following Sections.   

 

3.6.1. Scalar Formation 

 

The FEM can handle efficiently both vector and scalar wave equations. If the cahnges 

of refractive index is not significant then the right hand side of the vector equation can 

be ignored. In that case scalar wave equation can be used which will also minimize the 

complexity. The optical waveguide the confined field not behaves as like transverse 

electric not as like transverse magnetic, it acts as actually quasi- transverse electric (TE 

) or quasi-transverse magnetic (TM ). Electric field (Ex) is dominat in TE mode and 

magnetic field (Hx) is dominant in TM mode and their respective eqautions are 

presented in (3.57) and (3.58) [92],  
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2 2 2 2

0
x x

x x

E E
L k n E E d
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= + − +    

    
                                  (3.57) 
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1 1 1x x
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= + − +    

    
                      (3.58) 

 

 

Here, Ω is termed as cross section area of waveguide and the Laplacian operator is 

represented by L.  
2  would be the eigenvalue for ko and ko

2 would be the eigen vlaue 

for  .  

 

Equations (3.57) and (3.58) have continuity of xE

n




and  

2

1 xH

n n

  
  

  
for the natural 

boundary condition accordingly. Now sub-domain creation process from the domain 

usinng FEM will be discussed in the next Section.  

 

3.6.2. Elements Formation in Finite Elelment Method 

Meshing is the most crucial stage of FEM, beacuse the computational processing time 
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and storage requirments depends on it. Acuracy of the results also has a dependency on 

meshing. Meshing basically a step of solving complex structure and this stgae the 

domain is subdivided by considering without overlapping and no space between two 

adjacent elements. Meshing condition of a proposed PCF (zoomed view) is shown in 

Figure 3.2.  In the FEM the subdivided elements can be one dimentional line element, 

or two dimentional triangular, square, or third dimentional triangular prism, rectangular 

brick or to more complex. The fundamental elements for 1D, 2D, 3D are diaplayed in 

Figure 3.3 [96]. 

 

One diementional line element consists of two nodal points. In the two dimentional case 

the element can be either triangular or square. For triangular shaped element have three 

nodal points, similarly square shaped element have four nodal points. It will be 

mentioned that higher numbers of nodal points provide the better accuracy in results 

though higher nodal points solutions will be more compleated. In 2D, triangular 

elements covers the boundaries more accurately than the rectangular or square shapes 

element which is graphically displayed in Figure 3.4 [96]. Due to this reason in our case 

we have utilized triangular elements in the meshing stage.   

Number of nodal points can be estimated by the interpolation function. The polynomial 

should contain all possible terms to be complete. That indicates that every polynomial 

should be unique and has no effect on the shape function. Number of terms of the 

polynomial must be equivalent of the nodal pints to be unique. Required number of 

terms of a polynomial can be termed as Pascal triangle. The Pascal triangle for a 

complete polynomial is shown in Figure 3.5.  

 
 

Figure 3.2:  Meshing Condition 
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Figure 3.3: Basic finite elements 1D, 2D and 3D [96]. 

 

 
 

Figure 3.4: Mesh comparison of triangular (left) and rectangular (right) elements [96] 
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Figure 3.5:  Complete polynomials of pascal triangle [96]. 
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For the first order triangle mesh, the polynomial can be expressed as (a + bx + cy) [96]. 

The field( e ) of each elements can be represented by, 

( , )e x y a bx cy = + +                                                      (3.59) 

 

Here, a,b, c represented as constants, 

 

The field at node can written as,   

 

( , ) ; 1, 2,3e i i ix y i + = =                                                    (3.60) 

 

The field for three node points it can be expressed as,  

 
                                   

1 1 1 1 1( , )e x y a bx cy  = + +     

                
2 2 2 2 2( , )e x y a bx cy  = + +                                            (3.61) 

                                  
3 3 3 3 3( , )e x y a bx cy  = + +  

(3.61) can be represented in matrix form as,  

 

1 1 1

2 2 2

3 3 3

1

1

1

x y a

x y b

x y c







     
     

=     
          

                                            (3.62) 

where,  

                             1 2 3 3 2 2 3 1 1 3 3 1 2 2 1

1
( ) ( ) ( )

2 e

a x y x y x y x y x y x y
A

  = − + − + −  

                            1 2 3 2 3 1 3 1 2

1
( ) ( ) ( )

2 e

b y y y y y y
A

  = − + − + −                              (3.63) 

                           1 3 2 2 1 3 3 2 3

1
( ) ( ) ( )

2 e

c x x x x x x
A

  = − + − + −                           

Here, Ae indicates the area of a triangular element and it can be given by [96],  

 

    

 
1 1

2 2 2 3 3 2 3 1 1 3 1 2 2 1

3 3

1
1 1

1 ( ) ( ) ( )
2 2

1

e

x y

A x y x y x y x y x y x y x y

x y

 
 

= = − + − + −
 
                  (3.64) 

Solving (3.41) using (3.63), we obtain  

 

1 1 2 2 3 3( , ) ( , ) ( , ) ( , )e x y N x y N x y N x y     +  +                    (3.65) 

                                        ( , )e ex y N   

Here,  Ni indicate the shape functions and is expressed as 
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1 2 3 3 2 2 3 3 2

2 3 1 1 3 3 1 1 3

3 1 2 2 1 1 2 2 1

1
1

2

T

e

N x y x y y y x x

N N x y x y y y x x x
A

N x y x y y y x x y

− − −     
     

= = − − −
     
     − − −     

                        (3.66) 

 

Or,          
1 1 1 1

2 2 2 2

3 3 3 3

1

2

T

e

N a b x c y

N N a b x c y
A

N a b x c y

+ +   
   

= = + +
   
   + +   

                                (3.67) 

 

ai, bi, ci and i = 1, 2, 3 are found as,  

                                                        
1 2 3 3 2a x y x y= −  

                                                        
1 2 3b y y= −     

               
1 3 2c x x= −                                                    (3.68) 

Similarly, a2, b2, c2, a3, b3 and c3 can be easily calculated just by simple cyclical 

exchange of 1→ 2 → 3 in (3.68).  

 

3.6.3. Global Metric Formtion 

Formation of global and element matrix from wave equation will be discussed in this 

Section. The field components in all three Hx, Hy and Hz can be represented as  [96] 

       
T

x y ze e ee
H H H H =

 
                                            (3.69) 

and, 

 

     

     

     

0 0

0 0

0 0

T

N

N N

j N

 
 

=  
 
 

                                             (3.70) 

Here,    1 2 3

TN N N N=  and {0} is null vector. 

From (3.59) and (3.70), we obtain  
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1 2 3 1
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0 0 0 0 0 0
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                    (3.71) 
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The global matrices [A] and [B] can be expressed as [96]: 

 

    

0

( ) 0

0

T

e e

z y

H N H
z x

y x

−  
  

   =  =   
  
   

                (3.72) 

 

(3.62) can be simplified as 

 

( )    
T

e e
H Q H =                             (3.73) 

Here [Q] is,  

 

 

     

     

     

0

0

0

N
j N

y

N
Q j N

x

N N
y x





 
 
 

 = −
 

 − 
 

   

                                  (3.74) 

Then, mass matrix, A is written as,  

 

     
*1 T

e
e e ee

A A Q Q dxdy


= =                                       (3.75) 

xx xy xz

yx yy yz

zx zy zz

A A A

A A A A

A A A

 
 

=  
 
 

                                               (3.76) 

 

and,  

 

    
   2

T

T

xx

e

N N
A N N dxdy

y y

  

= + 
   

                     (3.77) 

   
T

xy

e

N N
A dxdy

y x

 
  = −                                                 (3.78) 
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xz

e

N
A N dxdy
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e

N N
A N N dxdy

x x
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T

yz

e

N
A N dxdy

x



  =                                                      (3.81) 

                             
       

T T

zz

e

N N N N
A dxdy

y y x x

    
= + 

     
                    (3.82) 

 

Stiffness matrix, B as [96],  

 

   
* T

e e

B N N dxdy=                                          (3.83) 

     

   

     

0 0

0 0

0 0

xx

yy

zz

B

B B

B

 
 

 =   
 
 

                                         (3.84) 

         
* T

xx yy zz

e e

B B B N N dxdy = = =                         (3.85) 

 

The presented form of stiffness matrix and mass matrix B are in universal global 

matrix form for a two-dimensional problem. A triangular shape element  and first 

order node is considered to construct matrix. The matrix size is 9×9. The matrix 

parameters are calculated as follows:  

2 2 2

1 2 3
6

e

e e e

A
N dxdy N dxdy N dxdy= = =                                          (3.86) 

1 2 2 3 1 3
12

e

e e e

A
N N d N N d N N d =  =  =                                       (3.87) 

     

2 1 1

1 2 1
12

1 1 2
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N N dxdy
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                                                         (3.88) 

   
 

1

2

3

1

2 e

b
N

b
x A

b

 
  

=
 
  

                                                                  (3.89) 
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T

e pi qj

e
ij

N N
dxdy A C C

p q

  
= 

   
                                                         (3.91) 
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T e
pi

e ij

N A
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e
ee
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   −
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                      (3.93) 

  1 1
1 1(1,4)

1 1
ee

e

N N
A d c b A

dy dx 

− 
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  2

1(1,1) 6

e

e
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B N d 



=  =                                                                          (3.95) 

 
(1,4)

0
e

B =                                                                                                     (3.96) 

 

Be is given by 

 

 

 
 

 

 

 

 

(3.97) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FEM solves these matrices for solving a mode in COMSOL.  
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3.7. Perfectly Matched Layer (PML) 

The physical dimention of a problem should be finite due to the limitation of 

computational resources. A boundary should be introduced to truncate the domain. The 

boundary can reflect the incident wave that may cause unwanted radiation in the 

structure. For protecting the unwanted reflected wave two methods were proposed. The 

first technique is called local mathematical technique, which is purely a mathemedical 

model, but this boundary connot be placed near the source [99]. The second method is 

called Perfectly Mached Layer (PML) which is basically a physical layer insertion as 

artificial medium. This concept was first introdued by Berenger [100]. Since it has been 

used as a boundary in FDTD and FEM. The idea PML is to place an boundary with the 

same material with the main domain. This is a non reflecting medium that can absort 

all the incident wave with any angles and frequencies [99].  

In this research work, all the proposed PCFs are evaluated with a cylindrical PML in 

the outer shell of the PCF’s structure due to the use of FEM as a computaional method. 

Throughout the evaluation process (7-8) % of the total diameter of the PCF has been 

considered, respectively.   

The PML is implemented as stretching of the complex coordinate in FEM [96, 99]. 

0

( ') '

x

xx x S x dx→ =                                                   (3.98) 

Sx (x’) is termed as complex stretching variable. 

 

This stretching function offers a change in the nabla operator, which is denoted by  , 

and expressed as   

1 1 1

x y z

x y z x y z
S x S y S zx y z

     
→ = + + = + +

    
                        (3.99) 

This lead to a modification in the Maxwell’s equations. The modified maxwell’s 

equations can be written as by replacing   by   and  ∂/∂t is replaced with jω,  
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This results also lead to a changes in (3.40),  
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                                          (3.103) 

 

Besides unwanted radiation absorbance, PML also helps to measure the confinement 

loss and bending loss.  

 

 

3.8 Summary 

All the necessary optical properties for both THz wave guidance and analyte sensing 

are discussed in this Chapter. It can be stated that EML is the most limiting factor for 

efficient waveguiding and sensitivity is the main parameter for evaluating a sensing 

device. Confinement loss is the most challenging factor for both cases. FEM is the most 

efficient and strongest computational methods now for solving complex structure as 

well as matrix solution. In PCF all the optical properties can be controlled by the 
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geometrical specifications. Thus, proper geometry development and parameters 

optimization are the main challenges for PCF development. Design of the proposed 

PCFs and their performances for waveguiding and sensing applications will be 

discussed in Chapters 5, 6 and 7.  
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Chapter 4 

 

PCF for THz waveguiding: Design & Analysis 

 
4.1 Introduction 

 

An unguided air medium for THz transmission established a number of problems such 

as unpredictable absorption loss caused by the atmospheric situation, alignment 

complexity between transmitter and receiver etc. Various types of guided media are 

proposed, most of these demonstrated high absorption, high weight, and ohmic loss in 

THz wave propagation [11-15].  The photonic crystal fiber (PCF) provides a highly 

promising solution due to its remarkable wave guiding capability with reduced 

absorption loss, near-zero flattened dispersion and lower confinement loss [16, 18]. 

Excepts lower absorption loss, high core power fraction, low confinement loss, high 

effective area, low dispersion property, the geometries’ parameters such as pitch size, 

air hole radius, strut size and core radius can be readily selected.  Therefore, for proper 

utilization of PCF’s remarkable properties as a THz waveguide with desired outcomes, 

geometry selection and parameters value optimization are the main challenges. Taking 

these challenges, we have modelled several PCF structures and optical properties are 

evaluated and optimized the geometrical specifications for better attainment. In this 

Chapter we have presented our proposed PCF structures and discussed their 

performances. The design procedures, reasons for such types of structures development 

and the performance comparisons with the existing works also discussed in this Chapter 

in details.   

4.2 Proposed PCFs for THz waveguiding 

Considering the performances and simplicity of the design, square and circular shaped 

porous core PCFs geometry has been constructed for THz wave guidance. Highly 

porous geometry in cladding also considered for better attainment. All the necessary 

optical properties are evaluated and compared the result with existing works. The 
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design process of proposed PCFs and their performances will be discussed in the 

following sections.  

4.2.1 Square shaped core-cladding structured PCF 

 

PCF is a consummate medium for guiding THz wave because the PCF’s has surprising 

light guiding properties with low material loss characteristics but proper design of 

PCF is the main issue to achieve minimum material loss. In this work, we have 

proposed a PCF structure with 450 rotation air holes in both core and cladding for 

minimizing the fabrication complexity and improving the performances for THz wave 

guidance with extremely low EML. Additionally, it renders an average core power 

fraction near about 40% at core porosity of 81%.  

 

4.2.1.1 Design Methodology of Proposed PCF 

 

Here, we have proposed a new PCF design which is structured by finite numbers of 45-

degree rotational square air holes in the cladding region and the core consists of 4 (four) 

45-degree rotational square air holes. To design the PCF geometry and evaluate the 

guiding performances of suggested PCF FEM-based software COMSOL Multiphysics 

(version 5.3a) has been used. The presented PCF structure is selected because its exhibit 

extremely low loss when it operates as a guided vehicle. In this structure, because of 

low bulk absorption loss, TOPAS is used as background material. 

 

The geometry of proposed PCF with enlarge version of core is shown in Figure 4.1. 

The proposed PCF’s core consists of four 450 rotational square lattice air holes to reduce 

the material loss. In Figure 4.1, Dcore denotes the side length of core which is selected 

as optimum of 300 µm and side length of one square lattice of core is 121.5µm. The 

pitch of the core (A1) is the distance between two centers of adjacent square lattices, 

which is represents by A1 = 0.43Dcore and the distance between two center of opposite 

square lattices is 0.61Dcore. The side length of the air holes in the core region is denoted 

by D1, the value of D1 depends on the porosity of the core. The core porosity is defined 

by the ratio of total area covert by the air holes in the core section and total area of the 

core. We have varied the porosity from 71% to 81% at wide range of operating 
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frequency from 0.6 to 1.8 THz to observe the effect on EML as well as core power 

fraction and effective area. We took this range of porosity because higher value of 

porosity may causes overlapping the air holes during fabrication, on other hand lower 

value of porosity causes higher losses.  

 

PML

Air 

Topas

A
2

 
 

Figure 4.1: Geometry of proposed square shaped core-cladding structured PCF. 

 

4.2.1.2 Simulations and Results 

 

A circular Perfectly Matched Layer (PML) has been used in the outer region of the PCF 

and the presented PCF structure tested by Comsol software (V.5.3a) software. The 

thickness of PML is selected 10% of the total fiber, it is important the size of PML 

because it has a large impact on numerical. For selecting optimum geometrical 

specifications, we have synthesized the geometrical parameters in several points by 

several subsequent simulations. Finally, we find out the optimum geometrical 

conditions and listed in the Table 4.1. For attaining better accuracy fine element size is 

maintained in the simulation process. Complete mesh consists of 288 vertex elements, 

7376 number of boundary elements and total 54060 number of elements.   
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Table 4.1: Optimum Design Parameters 

Parameters Value 

Core Length (Dcore) 300 µm 

D1 121.5 µm 

Al 129 µm 

A2 183 µm 

Porosity (71 - 81) % 

Frequency (0.6 - 1.8) THz 

 

    

(a)                                  (b)                                  (c) 

Figure 4.2: Interaction of light of suggested structure for different frequencies at 

Porosity = 81% (a) Frequency = 0.8THz (b) Frequency = 1THz and  (c) Frequency = 

1.2THz 

 

Electromagnetic field distribution within the fiber is shown in Figure 4.2 where tight 

confinement occurs in the core area for different terahertz frequencies this indicates that 

this proposed PCF can perform as long-distance THz waveguide with low losses.  

 

In our proposed PCF, behaviour of EML with respect to frequency is shown in Figure 

4.3. This figure depicts that the increment of frequency boosts up the EML which 

satisfie the EML calculation using empirical relation. Figure 4.3 also shows that when 

porosity increases, the EML decreases. Because when porosity increases the area of 

background material inside the core section decreases, which absorb less light as a 

result EML reduction. At optimum value of core size 300µm and porosity 81% the 

presented PCF depicts EML of 0.016 cm−1 in the frequency 1 THz and this outcome is 

comparable with that of previously presented PCF structures [101-104].   
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Figure 4.3: Behaviour of EML as a function of frequency at different porosity. 

 

 

Figure 4.4: Behaviour of Confinement loss as a function of frequency at different 

porosity. 
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Figure 4.5: Behaviour of core power fraction with respect to frequency at different 

porosity. 

 

 

Figure 4.6: Response of effective area with respect to frequency at different porosity. 
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Confinement loss is shown in Figure 4.4 as a function of frequency. It is found that the 

confinement loss of the proposed PCF is 0.008 cm-1 at optimum 1 THz, 300µm core 

size, low compared to the EML and this value is comparable with that of the previously 

reported PCF [101-104]. 

Power fraction in the core section of the proposed fiber as a function of frequency at 

different porosity is illustrated in Figure 4.5. We observe that the core power fraction 

increases when frequency increases. Because more mode power propagates through the 

core area with increment of frequency while the core power fraction is inversely 

proportional to the porosity. When we decrease the porosity from 81% to 71% we see 

the maximum core power fraction reduces to 50.47% at 1THz frequency.  

 

The response of effective area for increment of frequency for 71%, 75% and 81 % core 

porosity at optimum core length of 300µm is illustrated in Figure 4.6. We observe at 

optimum core side length of 300µm the effective area decreases with the increment of 

frequency. If the core porosity decreases the effective area also decreases. The reason 

behind this is the lower value of core porosity restricts the mode power propagation, 

consequently effective area decreases. At optimum core side length of 300µm, 81% of 

core porosity and 1THz of frequency the PCF exhibits large effective area of   6.28×10-

7 m2. 

 

EML of the presented design with respect to porosity for different frequency is shown 

in Figure 4.7. It is evident that when we increase the porosity the EML decreases but 

when frequency increases the EML behaves in the opposite manner. We evaluate here 

the EML for a porosity range from 71% to 81%. For porosity as low as 71%, the EML 

is maximized.  The reason is that when porosity increases, it reduces the volume of 

background material in the core. On the other hand, the relation between the absorption 

loss by the material (EML) and frequency is directly proportional at a specific porosity.   
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Figure 4.7:  EML behavior with respect to porosity at three different frequencies. 

 

Figure 4.8: Power fraction in core section with respect to porosity at different 

frequencies.  
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Figure 4.9: Behavior of Effective Area with respect to porosity at three different 

frequencies. 

 

Performance of core power fraction is another parameter to define an efficient PCF 

design for THz waveguide. Higher core power fraction is desirable for any PCF design 

but when porosity decreases the background materials area of core increases, as a result 

the core power fraction increases. Because of large background area of porous core, the 

EML is increased.  In our design for different porosities core power fraction at different 

frequency and shown in Figure 4.8. We consider the different frequencies to identify 

the effects of frequencies on the core power fraction. It is seen that the porosity and 

core power fraction inversely proportional and the core power fraction is directly 

proportional to porosity. 

How much energy a core can carry indicates the effective area of a PCF without any 

nonlinear effect. Changing the size of background material, we observe the effect on 

effective area at 0.8THz, 1 THz and 1.2 THz for different porosities. When we change 

the frequency, we can see that from Figure 4.9 when frequency increases with respect 

to porosity the effective area decreases. The lowest frequency gives the better values of 

effective area for different porosities.  
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A simple air core based 450 rotational square lattice PCF design with extremely low 

effective material loss 0.016 cm-1 at 1THz operating frequency is presented in this work.  

Moreover, around 40% average core power fractions is achieved in the range of 

frequency (0.6 to 1.8) THz with a core power fraction of 58.88%. In addition, for 

different porosities we observed the effect on EML, core power fraction and effective 

area. The proposed PCF design is feasible for practical implementation using existing 

developed fabrication technology (Discussed in Chapter 7). It is expected that the 

presented novel PCF geometry will be suitable for efficient THz wave guidance 

considering effective material loss, as well as other parameters.  

4.2.2 Square shaped suspended core-cladding structured PCF 

 

Porous core terahertz (THz) waveguide consists of sectored cladding and square core 

photonic crystal fiber (PCF) is designed with low losses and flattened dispersion. The 

mode test and others wave guiding properties are evaluated by using finite element 

method (FEM) and a perfectly matched layer (PML) as a boundary condition. The mode 

test result of proposed PCF structure shows single mode characteristics. Besides it 

renders extremely low effective material loss of 0.0257 cm-1 and confinement loss of 

0.0001 cm-1 at 1 THz operating frequency. Additionally, a very flat dispersion is 

achieved from this proposed PCF structure. The effective area and core power fraction 

are also studied for efficient THz wave guidance. 

4.2.2.1 Geometry Design Guidelines of Proposed PCF 

 

To reduce the EML we designed a PC-PCF which reduces the light interaction with the 

background material. A sectored cladding design is presented here, which exhibits the 

large air area in the cladding section. In the core region a square core with four square 

shape air fragments is used, which ensure the less light absorption by the background 

material in the core section. The guided dry air can be considered as a lossless medium. 

That’s why more air area in the PCF improve the efficiency of the fiber.  Comsol V5.3a 

has been used to design our proposed waveguide.  Schematic cross-sectional view of 

proposed design is shown in Figure 4.10. In the cladding section, the whole circular 

cladding is sectored by four (4) rectangles and in the core section the square core is 



 

 

54 

 

 

filled by four square air lattices. Losses are mainly depending on the geometry of PCF 

and optimum value selection of different parameters such as air hole size, core size, 

strut size, porosity of the core etc. For optimization the length of the core is selected, 

Lcore = 300µm and the length of the core air holes (L1) depend on the core porosity. 

Core porosity is defined as the ratio of air area in the core region and total core area.  

Length of air lattice in cladding is denoted by L2 , whose length is 1156µm.  
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Figure 4.10: Cross section view of proposed PC-PCF with amplified core. 

The strut size of the cladding, Strut = 5 µm, lower value of strut may causes overlapping 

between the cladding air lattices during fabrication. Due to some salient transmission 

features of Topas, it is considered as a background material in the proposed PCF. A 

perfectly matched layer (PML) is used in the outer region of the fiber as an 

antireflecting layer and the size of PML is selected as 10% of the total fiber. 

 

4.2.2.2 Numerical Analysis 

 

To investigate the key properties of presented PCF a commercially available FEM  
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       (a) (b)                 (c) 

 

Figure 4.11: Elelctric filed distribution  of proposed PCF at 1 THz operating frequency 

for different porosities  (a) 80% porosity (b) 85% porosity (c) 90% porosity. 

 

-based software Comsol vesion 5.3a is used. The main motive of this PCF design is to 

reduce the losses and achieve flat dispersion. Ensure the accuracy of the PCF fine 

element size is selected throughout whole simulation. The complete structure consists 

of 31594 domain elements and 3584 boundary elements. The electromagnetic field 

distribution of designed PCF is shown in Figure 4.11. This figure confirms that the light 

is tightly confined and well guided in the core region.   

The response of V-parameter of proposed PCF with respect to frequency at optimum 

design parameters (Lcore = 300µm, porosity = 85%) is shown in Figure 4.12. Numerical 

value of V-parameter ensures that the presented PCF carries single mode fiber 

characteristics within a large THz frequency range of (0.5-1.8) THz.  The maximum 

value of V-parameter is shown 2.35 at 1.8 THz frequency.  

The behaviour of EML and confinement loss as a function frequency for different core 

length (Lcore) and different porosity are represented in Figure 4.13(a) and 4.13(b), 

respectively. It is seen that the EML responses upwardly and the confinement loss 

behave oppositely with the increment of frequency. This is because, with the increment 

of frequency the light is tightly confined in the core area which increases the interaction 

of light with the material that boost up the absorption loss. On the contrary, because of 

tightened confinement, accuracy of the light improves in the core region which reduces 

the confinement loss. When the area of background material increases, because of core 

size increment or porosity decrement  



 

 

56 

 

 

 

Figure 4.12: Response of V-parameter with respect to frequency at optimum 

design parameters. 

 

 
 

(a) 
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(b) 

 
 

(c) 
 

Figure 4.13: Behaviors of EML and Confinement loss at (a) different core sizes (b) 

different porosities with respect to frequency, and (c) different porosities with respect 

to core size. 
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the EML also increases, since it increases the interaction area of light with the material, 

reduces confinement loss more, also depicted in Figures 4.13(a) and 4.13(b). At 

optimum design parameters this presented PCF exhibits a very low EML of 0.0257cm-

1 and confinement loss of 10-4 cm-1 at 1THz. The response of EML and confinement 

loss with frequency for different porosity is also represented in Figure 4.13 (c). 

Total loss (EML and confinement loss) of the PCF is shown in Figure 4.14 for different 

porosity with the increment of frequency. Total loss at optimum value of 0.0258cm-1 is 

noticed in Figure 4.14 and this loss is considerable for a THz wave guide.  

For efficient THz wave transmission waveguide dispersion should be minimum as 

much as possible because higher value of dispersion limits the data rate. Large 

fluctuations of waveguide dispersion indicate high bit error. The behavior of waveguide 

dispersion of proposed PCF as a function frequency is delineated in Figure  

 

 
 

Figure 4.14: Total loss versus frequency at different porosities. 
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Figure 4.15: Behavior of waveguide dispersion as a function of frequency at different 

core sizes. 

 
(a)
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 (b) 

Figure 4.16: Responses of air core power fraction at different core porosities (a) with 

respect to frequency, and (b) with respect to core length
 

 
 

Figure 4.17: Effective area as a function of frequency at different porosities. 
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4.15. Note that the waveguide dispersion of suggested PCF is under 0.4 (ps/THz/cm) 

in the frequency (0.6-1.8) THz and the fluctuation of waveguide dispersion is ±0.05, 

which is better than the previously accepted design in renowned journals [105, 26] .   

The responses of air core power fraction with respect to frequency and core length for  

different core porosity are shown in Figures 4.16(a) and 4.16(b) respectively. Air core 

power fraction is an incremental fraction with the increment of frequency, the reason 

behind that higher value of frequency tightened the confinement, as a result more power 

propagates through the air lattices of the core. When air lattices size is increased 

because of core length increment or porosity increment, the absorption of mode power 

by the air core also increases which boost up the air core power fraction, as shown in 

Figure 4.16(a) and 4.16(b). It is seen that from the proposed PCF can carry 63.6% of 

total power by the air core only. 

The modal effective area as a function of frequency at different porosity is depicted in 

Figure 4.17. This figure represents that higher value of frequency scales down the 

effective area. This is because when frequency increases the light is closely confined in 

the core thus reducing the effective area. When porosity increases the light tends to 

penetrate in the cladding region that enlarges the effective area ( see Figure 4.17). At 

optimum design parameters the effective area of 2.43×10-7 m2 is achieved. 

Besides the wave guiding properties, fabrication of  PC-PCF is a difficult task. Presently 

lots of fabrication techniques are available such as capillary stacking, stack and draw 

[108], sol-gel [109], extrusion etc.  for different shaped PCF fabrication. Recently, 

Table 4.2: Comparison with previously published PC-PCF and this proposed PCF 

References f (THz) EML (cm-1) Lc (cm-1) β2 (ps/THz/cm) 

[26] 2019 1 0.056 0.0023 ± 0.10 

[39] 2018 1 0.047 9.4×10-3 ± 0.35 

[105] 2017 1 0.049 - - 

[106] 2017 1 0.040 1.3×10-4 - 

[107] 2018 1 0.030 20 ×10-2 - 

This PCF 1 0.0257 10-4 ± 0.05 
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developed 3D printing fabrication technique are able to fabricate any shaped structured 

PCF [110]. Thus, using existing fabrication techniques our proposed PCF is very much 

feasible for fabrication. 

Table 4.2 shows that, this proposed PC-PCF is comparable with the recently accepted 

PCF geometry. This table also reveals that this PCF structure achieves tremendous 

improvement in EML reduction, as well as confinement loss minimization. Moreover, 

waveguide dispersion fluctuates very shortly.  

The key attention of this work is to design and analysis of a well guided single mode 

THz waveguide with extremely low losses and flat waveguide dispersion. This 

designed PC-PCF delineated extremely low EML of 0.0257cm-1 and confinement loss 

of 10-4 cm-1 with a very flat dispersion of ± 0.05 (ps/THz/cm) at 1THz. Moreover, 

maximum air core power fraction of 63.6%, large effective modal area of 2.43 × 10-7 

m2 and design make the presented PC-PCF suitable for efficient THz wave guidance in 

the large THz frequency range. 

4.2.3 Circular shaped suspended core-cladding structured PCF 

 
A circular sectored core cladding structured photonic crystal fiber (PCF) is presented 

here, where core and cladding are sectored by few numbers of rectangles. The air 

fragments of core and cladding are constructed with circular manner that can facilitate 

the fabrication process. To design the porous core PCF and characterize the properties 

for THz wave propagation, finite element method based Comsol Multiphysics software 

version 5.3a is employed. It is shown that the presented design yields an ultra-low 

effective material loss (EML) of 0.0153cm-1 with very flat dispersion of ±0.010 

(ps/THz/cm) at optimum operating frequency of 1THz, outperforming a number of 

recently reported designs in the literature. Additionally, it renders comparable low 

confinement loss, higher core power fraction, large effective area and exhibits single-

mode fiber (SMF) characteristics.   
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4.2.3.1 Design Methodology 

 
Figure 4.18 delineates the widened end face view of the PCF with the magnification of 

the core region. The geometrical structure of the PCF is also distinctly depicted in this 

figure. The outer region of PCF is called cladding which contains four air fragments. 

Considering the fabrication simplicity, flattened dispersion and low losses, the four air 

fragments were kept same geometry, where the radius of each fragment is denoted by 

Rclad (1325 µm) and the two fragments of cladding are separated by Sclad which is called 

strut of cladding with a numerical value of 5 µm. The core region is divided into four 

equal sectors in a circular manner by two rectangles. Diameter of core is denoted by 

Dcore which is selected as optimum of 300µm. The separation between two air fragments 

of core is denoted by Score, which is 5µm.  The size of air lattice in the core depends on 

the porosity of the core. Porosity is defined as the ratio of the air holes area in the core 

region and the total core area. Higher value of porosity helps to minimize the losses as 

well as it minimizes the bulk material 
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Figure 4.18. Ends face view of proposed PCF with magnification of core. 
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requirements. However, to maintain the fabrication tolerance, porosity should be kept 

at an optimum level which helps to avoid overlapping between two adjacent air holes 

during fabrication. Existing sol-gel technique is very much feasible to fabricate circular 

structure PCF fabrication and this process is capable to fabricate with 87% porosity 

[110]. In our proposed PCF design we selected strut (Score & Sclad) size 5µm and porosity 

85% as optimum. In the outer shell a Perfectly Matched Layer (PML) is used as a 

boundary condition to protect the fiber from unwanted disturbance by the environment. 

TOPAS is used as a background material since the Topas contains very low material 

absorption loss with a constant refractive index within a wide range of frequency. 

 

4.2.3.2 Simulation Results and Discussion 

 
For numerical analysis and modelling of electromagnetic wave propagation of proposed 

THz waveguide a FEM (Finite Element Method) based Comsol software version 5.3a 

has been used. To ensure the accuracy of the proposed PCF a fine element size is 

maintained throughout the whole simulation. Complete mesh of the PCF structure 

consists of 24,386 domain elements and 2176 boundary elements with minimum 

element quality of 52.58%. The light propagation inside the core for different frequency 

with the variations of core size, as well as for different porosities presented in Figure 

4.19. It is seen that the light is well guided inside the core region with tight confinement 

and the interaction of light in the cladding region is very low. 

The response of effective material loss and confinement loss with the increment of 

frequency for different core diameters and porosities are depicted in Figure 4.20(a) and 

4.20(b) accordingly. Figures 4.20 (a) and 4.20 (b) reveals that the EML behaves linearly 

upward manner with increasing frequency, It is also obvious from the the empirical 

equation of calculating material absorption loss in terms of operating frequency can be 

expressed by α(f) = f2 + 0.63f - 0.13 [dB/cm], where, f is the operating frequency. 

 

Figure 4.20(a) and 4.20(b) also exhibit that when diameter of core increases the EML 

also increases, since with the increase of core diameter the area of background material 

also increases. As a result the interaction of light with the material inside the core 
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Frequency =0.8 THz 

Porosity = 85% 

Dcore = 300 µm 

 Frequency = 1 THz 

 Porosity = 85% 

 Dcore = 300 µm 

Frequency = 1.5 THz 

Porosity = 85% 

Dcore = 300 µm 

   
Frequency = 1 THz 

Porosity = 80% 

Dcore = 300 µm 

Frequency = 1 THz 

Porosity = 90% 

Dcore = 300 µm 

Frequency = 1 THz 

Porosity = 85% 

Dcore = 350 µm 

Figure 4.19. Electric field distribution of proposed PCF for different frequency with the 

variations of porosity and core size. 

 

increases which boost up the EML. Same thing happens when the core porosity changes 

at downward manner. At optimum parameters, Dcore = 300µm, Porosity = 85%, 

frequency = 1 THz, the numerical outcomes of this PC-PCF structure exhibit that EML 

of 0.0153 cm-1 which is very low compared to recently published renowned articles 

[35-42].  

Confinement loss behaves as a decremental function with increment of frequency as 

seen in Figures 4.20 (a) and 4.20 (b). When frequency increases more light begins 

towards tightened confinement inside the core; consequently, of confinement loss 

decreases. If the area of background materials inside the core region increases because 

of porosity decrement or increment of core diameter, more light initiate to pass through 

the core region with more tightened confinement, which minimizes the confinement 

loss. The numerical analysis of reported PCF shows the confinement loss of 0.0014 cm-

1 at Dcore = 300µm, Porosity = 85% and frequency = 1 THz, which is comparable with  
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(a) 

 

(b) 
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(c) 

Figure 4.20. Responses of EML and confinement loss as function of (a) frequency at 

different core size (b) frequency at different porosity and (c) core diameter at different 

porosity. 

 

Figure 4.21. Bending loss as function of frequency at optimum design parameters for 

bending radius = 1cm, 2cm & 3cm. 
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Figure 4.22. Frequency versus total loss at optimum design parameters & Rb = 2cm. 

 

[35-36, 40] wave guiding PCF structure. The repercussion of EML and confinement 

loss for core diameter variations is depicted in Figure 4.20 (c) considering three types 

of core porosity.   

The scenario of bending loss per centimeter fiber length as a function of frequency is 

shown in Figure 4.21 for bending radius of Rb = 1cm, 2cm and for 3cm at optimum 

design parameters. It is observed that the bending loss is very negligible and its 

responses as downward manner with the increment of frequency. At optimum design 

parameters this designed PC-PCF exhibits bending loss of 2.5×10-7 cm-1 at Rb = 1cm, 

1.4×10-7 cm-1 at Rb = 2cm, and 6.2×10-8 cm-1 at Rb = 3cm, which is very negligible 

compare to EML. 

For total loss calculation we combine three losses (EML, confinement loss and bending 

loss) at optimum design parameters and its graphically presented in Figure 4.22. These 

three losses are the main obstacles for practical THz wave transmission. This figure 

describes that the total loss is less than 0.05cm-1 in the range of frequency 0.8 to 1.6 
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THz and at optimum total loss is only 0.0168cm-1 at 1 THz, which is outperforming 

than the recently published literature [35-42]. 

The mode power propagation by the air core with respect to frequency for different core 

diameter is illustrated in right y axis of Figure 4.23. This figure shows that the air core 

power fraction is an increasing function with increment of frequency. Increment of 

frequency facilitated tightened confinement which increases the mode power 

absorption inside the core region by the air holes. Once can also see that core diameter 

is an incremental function with air core power fraction. When core diameter increases 

the size of air holes also increases, thus helping to  to propagate more power through 

the air holes that increases the air core power fraction. The same behavior happens 

when we increase the porosity which is illustrated in Figure 4.24. This proposed design 

structure is able to propagates maximum 46.42% of mode power by the core air holes 

within the frequency range of (0.6-1.6) THz. 

The behavior of effective area with the increasing frequency is presented in Figure 4.23. 

It is clear that the effective area is a decreasing function with the incremental changes 

of frequency because with the increment of frequency the mode power closely confined 

in the core section which reduce the effective area. The effective area of proposed PCF 

at 1 THz frequency is 3.5 × 10-7 m2 , which is comparable  with earlier published articles  

[35]. The behavior of effective area with the enhancement of core diameter is delineated 

in Figure 4.25. The scenario of this figure describes that, augmentation of porosity 

increases the effective mode area. This is because when porosity increases the mode 

power starts to penetrates towards the cladding, as a consequence effective mode power 

area increases. 

 

Behaviour of waveghuide dispersion of proposed PCF  as a function of frequency for 

different core size is presented in Figure 4.26. It can be seen  that at optimum design 

parameters the wave guide dispersion is impressively flatter within the a large THz 

ranges (0.6 – 1.6)THz. Tthe reason behind this, the waveguide dispersion depends on 

the refractive index of core and cladding. Different refractive  indexes of core and  
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Figure 4.23. Responses of effective area and core power fraction with respect to 

frequency at different core diameter. 

 

Figure 4.24. Core power fraction versus frequency at different porosity 
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Figure 4.25. Response of effective area with respect to core diameter at different 

porosity. 

 
Figure 4.26. Waveguide dispersion of proposed PCF with respect to frequency at 

different core size. 
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Figure 4.27. Mode test results with respect to frequency at different porosity. 

Table 4.3. Comparison with previously published design and this proposed design 

 

cladding enhance the dispersion. In this proposed PCF, air is used in both core and 

cladding which assisit to flat the dispersion. Moreover, air hole size and distance 

between the  air holes are related to dispersion fluctuations, this was our  another key 

concern of selecting this type of PCF geometry. The numerical value of waveguide 

Ref. 

 

f 

(THz) 

αeff 

(cm-1) 

β2 

(ps/THz/cm) 

Desgin Structure 

Core Cladding 

[35] 1 0.04 - Circular Circular 

[36] 1 0.035 ± 0.6 Rombus Hexagonal 

[37] 1 0.06 ± 0.02 Elliptical Rectangular 

[38] 1 0.065 ± 0.03 Elliptical Hexagonal 

[39] 1 0.047 ± 0.35 Elliptical Sectored 

[40] 1.3 0.029 ± 0.06 Hexagonal Kagome 

[41] 1 0.056 - Elliptical Kagome 

[42] 1 0.0167 - Decagonal Spiral 

This 

Article 

1 0.0153 ± 0.01 Circular 

(Sectored) 

Sectored 

(Circular 

Manner) 
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dispersion is very near to zero with a neglegible variations ±0.010 (ps/THz/cm) 

achieved in this PCF structure, highly compareble with priviously proposed PCFs [35-

42]. 

The mode test result of proposed PCF is shown in Figure 4.27 with respect to frequency. 

This figure exhibits that within the wide frequency  range (0.6 – 1.6)THz the value of 

V is less than 2.405 for different porosities. Thus this PCF is able to perform as a SMF 

within the THz range, which is very importnat for long haul THz communication. 

Table 4.3 provides a comparison between our proposed PCF structure and previously 

proposed different PCF structure considering effective material loss, dispersion 

fluctuations and design structure. Notice that our proposed design achieves significant 

EML reduction and flat dispersion as compared to previously proposed terahertz 

waveguides.   

The principle aim of this work is to design a porous core photonic crystal fiber with 

ultra-low EML and near zero flattened dispersion for THz wave propagation, which can 

be easily fabricable using existing fabrication techniques. In this context we presented 

here a simple circular structure sectored core cladding geometry and characterized 

different THz wave guiding properties. Extensive simulation reveals impressive results 

in effective material loss of 0.0153 cm-1 with a very low confinement loss of 0.0014 

cm-1 at 1 THz frequency. The other properties of the suggested PCF including 

waveguide dispersion shows an ultra-flattened dispersion variation of ±0.01 

(ps/THz/cm). The core power fraction reveals that more than 46% of mode power can 

propagate through the air core only with very large effective area. 
 

4.3 Summary 

 

For efficient THz waveguiding three (03) unique PCF geometries have been proposed 

here. At first a PCF structure constructed with 450 rotational square holes in the core 

and cladding section.  This developed PCF rendered better performances than the many 

of existing works. Still, it seems fabrication of this geometry would be quite complex 

due to 65 holes needs to implement in the cladding region.  Considering the fabrication 
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complexity, modified the first design and designed a new geometry with suspended 

cladding structure. This new geometry revealed comparatively better results than the 

first one. Some additional optical properties namely waveguide dispersion and mode 

profile are also investigated in these cases and achieved superior performances. For 

practical implementation circular shaped air holes development is comparatively less 

complex with current fabrication techniques as well as circular shaped core show better 

performances than other shapes. Considering the mentioned factors, a circular shaped 

core with suspended cladding structured PCF has been proposed. This designed PCF 

shows a noticeable improvement in performances than the previous proposed two 

designs as well as many of existing works. Considering the practical use of this 

proposed PCF some additional properties namely bending loss, loss profile with 

fabrication tolerance have also been evaluated. Overall, all the proposed PCF structures 

not only provide a comparatively superior performance for THz wave guiding as 

compared to existing works, but also gives highly satisfactory optical properties in the 

THz domain. 

Besides efficient THz wave guidance, PCF has great potential for sensing applications. 

Considering this we have also investigated the PCF in sensing application for different 

analyte sensing cases. Proposed PCFs design and analysis will be discussed in Chapter 

5.   
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Chapter 5 

 

PCF for Analytes Sensing: Design & Analysis 

 

5.1 Introduction 

 
      Considering the potential of PCF devices in sensing cases and the scopes of improving 

performance, PCFs geometry have been proposed and further studied for sensing a 

number of harmful liquid analytes (cholesterol, methanol, ethanol and benzene), well-

known air pollutants (dioxin, sodium cyanide, nitrogen dioxide and hydrogen sulfide), 

important blood components (RBC, hemoglobin, WBC, plasma, and water), and 

Albumin in Urine. Considering the several lacks in existing works and scopes of 

performance improvement by the proper geometry development, different PCF 

geometries are proposed for necessary analyte detection and the performance of the 

proposed PCFs are discussed in this Chapter. The design guideline of the proposed 

PCFs and the performance comparison with the existing works are also discussed in 

this Chapter.  

5.2 Proposed PCFs for Analytes Identification 

 
Considering the fabrication complexity and performances several PCF structures have 

been designed. Different harmful liquid, toxic gases and biological components have 

been considered to investigate the performances of the proposed PCF structures. 

Considering the harmfulness of different liquid analytes such as methanol, ethanol, 

benzene, etc., well-known air pollutants, for example, dioxin, sodium cyanide, nitrogen 

dioxide, hydrogen sulfide, etc. and for the necessity of detecting different biological 

components in blood or urine for the diagnosis of hematologic diseases like blood 

cholesterol, blood protein, blood components, etc. have considered as targeted analytes 

in this research. Methanol, ethanol, and benzene are highly pernicious for human health 

and these toxics are mixed with various liquid foodstuffs and beverages. For example, 

after consuming methanol, the body breaks it and produces formic acid and 

formaldehyde. Formic acid can cause serious damage to the central nervous system 
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resulting in sleepiness, confusion, difficulty in breathing, seizures, or coma. Benzene 

directly impacts the human body especially the bone marrow for it reduces the healthy 

blood cells, causing anemia. It is also reported for excessive bleeding and is a risk to 

the immune system. The presence of low-density lipoprotein (LDL) cholesterol in 

human blood is risky for brain stroke and heart diseases, as well as food cholesterol has 

a massive impact on normal health conditions. The importance of detecting the 

constituents of blood is thus extremely important and often used in diagnosing a variety 

of diseases and body conditions as well as for their prognosis. Maintaining kidney 

health is very significant because its performance disturbance creates an overall health 

disorder and even may lead to death. Regular monitoring of the kidney’s functionality 

is very urgent because there have no visible symptoms of kidney disorders until it is 

damaged. The presence of albumin is found in the urine, definitely, it is an initial sign 

of a kidney abnormality that is called albuminuria or proteinuria. So, albumin 

identification in the urine can be an effective way to trace early kidney infections. Air 

pollution is another risk factor for human health since it may increase the risk of heart 

problems, respiratory disorders, allergies, mental disorders, asthma, and other lung 

complications, among others [111-112]. Efficient sensing mechanisms for detecting 

harmful/necessary substances in liquid as well as in the environment can be extremely 

useful to minimize human health risks. 

Circular, square, and octagonal shaped hollow core with suspended cladding structure 

have been considered for PCF development. All the necessary optical properties are 

evaluated and compared the result with existing works. The design process of proposed 

PCFs and their performances will be discussed in the following sections.    

5.2.1 Square Shaped Hollow Core PCF for Alcohol Detection 

Alcoholic agent is excessively harmful for humans. Considering the level of 

harmfulness, an efficient and flexible alcohol detection method is very essential. In this 

context, a hollow core photonic crystal fiber (HC-PCF) based optical sensor is designed 

for detecting alcohol in beverages as well as in any liquid samples, which is constructed 

with slotted air holes in the cladding section and a square hollow core. The presented 

PCF structure yields an extremely high sensitivity of 89.85% with ultra-low 
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confinement loss of 10 −14 cm −1 in THz frequency range of 0.4 to 1.2.  

 

5.2.1.1  Design Methodology of Proposed Sensor 

 
The cross-section view of the designed sensor and the magnification of core region are 

displayed in Figure 5.1.  The proposed PCF geometry contains 20 numbers of slotted 

air holes in cladding section where hollow core is formed by a square cavity with a 

length of x µm. The length of ‘x’ is selected 255 µm as optimum and the ‘x’ is filled by 

liquid samples. Distance between two opposite slotted air hole besides the core area is 

denoted by ‘y’ and it is chosen 300 µm. The width of the slotted air hole w is 300 µm. 

The two adjacent air holes are separated by s = 5 µm thickness to maintain the 

fabrication tolerance. To protect the atmospheric a perfectly matched layer (PML) has 

been used which is 10% of the total fiber. In our proposed design, we selected topas as 

a background material because of its lower material absorption loss, constant refractive 

index in wide range of frequency etc. [113]. 

w x

x

y

s

P
M

L

Topas

Air Hole

Analyte

y

 
Figure 5.1: Cross section view of proposed of HC-PCF based THz sensor with 

amplified core. 

 

5.2.1.2  Numerical Analysis 

 
The distribution of electromagnetic field inside the core is presented in Figure 5.2. This  



 

 

78 

 

 

   
 

Figure 5.2: Elelctric filed distribution of proposed sensor at 1 THz for different 

geometrical conditions (a) x = 0.8 × y,  y = 300 µm, (b) x = 0.85 × y, y = 300 µm, 

(c) x = 0.9 × y,  y = 300 µm 

 

 

figure depicted that the electric field distribution is closely and tightly confined inside 

the core area, on the contrary negligible interaction in cladding section. 

 

Figure 5.3 shows the sensitivity of presented PCF based THz sensor with the increment 

of frequency for different x and constant y. This figure exhibits that the sensitivity 

increases with the increment of frequency, the reason behind that when frequency 

increases the light is tightly confined in the core section consequently interaction of 

light with the matter also increases as a result the sensitivity raise gradually. The figure 

also shows that increment of ‘x’ enhances the sensitivity, the reason is that the 

expansion of ‘x’ augments the volume of analytes which increases the light interaction 

with the matter. 

 

Operating frequency 1.2 THz has been considered optimum because at this frequency 

ethanol has a great absorbance potential [114]. At this frequency the proposed PCF 

shows 89.85% sensitivity in alcohol detection which better than the previously 

proposed PCF based alcohol sensor [52, 115-118]. The scenario of sensitivity as a 

function of frequency at variable x and y is depicted in Figure 5.4. At lower x, y the 

light tends to penetrates in the cladding region, as a consequence of sensitivity decline. 

 

The behaviours of EML and confinement loss are displayed in figures 5.5, 5.6 and 5.7. 

It is clearly seen that from these figures the EML and confinement loss both going down 

for increment of frequency, the reason of such behaviour is that the light is more tightly  
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Figure 5.3: Sensitivity of alcohol with respect to frequency at variable x and constant 

y. 

 
Figure 5.4: Sensitivity as a function of frequency at variable x and y. 
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Figure 5.5: Effective material loss vs frequency at variable x and y. 

 
Figure 5.6: Confinement loss vs frequency at variable x and y.
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Figure 5.7: Confinement loss vs frequency at variable x and constant y. 

 

Figure 5.8: Effective Area vs frequency at variable x and constant y. 
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confined within the core area with the incremental frequency. After a certain frequency 

the light-matter interaction reaches its maximum, after that the light tends to penetrates 

to the cladding that increases the confinement loss. At optimum design parameters, f = 

1 THz, x = 255 µm and y = 300 µm these figures exhibit EML and confinement loss 

0.015 cm-1 and 10-14 cm-1 accordingly. 

Effective area is going downward with the incremental changes of frequency, which is 

depicted in figure 8. The technical reason is that the light is closely confined with higher 

frequency as results lower effective area at higher frequency. At lower frequency of 0.4 

THz the figure shows effective area of 5.9×10-7 m2, on the other hand at 1.2 THz 

frequency shows effective area of 1.01×10-7 m2 at x = 255 µm and y = 300 µm. 

 

Table 5.1 describes that, this proposed PCF based THz alcohol detector is comparable 

with the recently accepted alcohol sensor. This table also reveals that this PCF structure 

achieved tremendous improvement in alcohol detection, as well as confinement loss 

minimization.  

 

The main objective of this work is to design and characterize the different properties of 

PCF based THz sensor for detecting alcohol in beverages as well as in any liquid. In 

this context, a square hollow core and slotted cladding PCF geometry is designed which 

exhibit high sensitivity of 89.85% at 1.2 THz. Additionally, its renders ultra-low 

confinement loss of 10-14 cm-1 and low effective material loss of 0.008 cm-1 whose are 

comparable with existing PCF based alcohol detection sensor.  

 

Table 5.1: Comparison with previously published PCF based alcohol sensor and this 

proposed sensor 

References Sensitivity 

(%) 

Lc 

(cm-1) 

[52] 68.87 7.79×10-12 

[115] 49.17 - 

[116] 59 - 

[117] 64.19 4 ×10-6 

[118] 26 - 

Proposed 

Sensor 

89.85 10-14 
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5.2.2 Octagonal Hollow Core PCF for Cholesterol Detection 

 

Low density lipoprotein (LDL) cholesterol is the leading cause of heart diseases, 

peripheral artery diseases, and stroke. An accurate, flexible, and efficient detection 

process is very urgent for identifying the cholesterol. In this context, an octagonal 

shaped hollow core with eight head star cladding structured photonic crystal fiber (PCF) 

has been proposed in this paper for cholesterol sensing in liquid analytes (human blood, 

cocking oil, liquid foods, etc.). The sensing performances of proposed PCF are 

evaluated through the COMSOL multiphysics software where the finite element 

method (FEM) has been used as a solver. The numerical investigation of the presented 

PCF structure exhibits highly sensitive characteristics for cholesterol detection in liquid 

samples and the proportion is 98.75% at 2.2 THz frequency. It also reveals negligible 

confinement loss of 3.14 × 10−20 cm−1 and low effective material loss of 0.0008 cm−1 at 

the same operating point. Furthermore, other crucial optical properties such as effective 

area, dispersion, numerical aperture are also discussed in detail. 

 

5.2.2.1  Structural Guidelines of Proposed PCF 

 
For enhancing the sensing capabilities, a hollow core PCF is developed because it 

contains the greater analyte volume inside the core area compared to a porous core. 

Alongside, this, hollow core PCF minimizes the requirements of bulk material that 

helps to reduce the material absorption loss. Geometry design and numerical analysis 

have been carried out through FEM (finite element method) based COMSOL 

multiphysics software v. 5.3a. FEM is a very efficient method for measuring 

electromagnetic field distribution and properties characterization. The completion of 

the entire process follows several steps namely geometric domain selection, physical 

properties assignment, boundary and initial conditions setup, mesh, and PDEs solutions 

for modelling of electromagnetic field distribution and interaction with surrounding 

components.  

 

The cross-sectional view of proposed PCF geometry and an amplified view of the core 

are shown in Figure 5.9. The cladding of the proposed PCF is constructed with eight 
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symmetrical air holes and the core is considered with an octagonal shaped hollow core 

which is filled by the targeted liquid samples. Topas is selected as background material 

because of minimum absorption loss and almost fixed refractive index in a large 

frequency range [118]. Additionally, it has a higher glass temperature transition and it 

impermeable against environmental effects with inactive behaviour in chemical [88, 

87]. The incircle diameter of the core hole is denoted by y and the diameter of the core 

is indicated by x. The material width around the core is denoted by S1, and the two air 

lattices in the cladding region are separated by S2 whose are termed by strut. An 

optimum thickness of strut is maintained to avoid fabrication complexity throughout 

the entire process. An optimum value of strut width 7.5 µm is considered for avoiding 

fabrication complexity, though 6.5 µm strut width is tolerable in existing fabrication 

techniques [121]. The total diameter of the proposed PCF is optimized at 3 mm after 

the investigation of the prior proposed geometrical measurements.  

To analyze the different sensing properties of the presented PCF in a cholesterol sensing 

application, geometrical parameters are varied in many ways to optimize design 

conditions. A perfectly matched layer (PML) has been used in the outer region to 

eliminate environmental effects or radiation introduced by light pulse.  

x

y

PML Air

Topas

Analytes

S1

L
2

L
1

S2 = x-y 

 
Figure 5.9:  End face view of proposed PCF with amplified view of the core. 
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5.2.2.2  Results and Discussion 

 

For ensuring the highest accuracy, a fine element size is maintained in the whole 

simulation process. Total 65592 domain elements are in the mesh with 5609 boundary 

elements. The electromagnetic field distribution within the PCF is shown in Figure 5.10 

at optimum design conditions for x-polarization mode with an intensity scale. 

Alongside the interactive condition between the light intensity and the targeted  

  
 

Figure 5.10: Elelctric filed distribution within the PCF at optimum design conditions in 

x-polarization mode with intensity scale. 

 
 

     

    
 

(a) (b) (c) (d) (e) 

Figure 5.11: Elelctric filed distribution within the core of proposed PCF for different 

geometrical conditions at 2.2 THz frequency in x-polarization mode with intensity scale 

(a) x = 280 µm, S1= S2 = 7.5 µm, (b) x = 300 µm, S1= S2= 7.5 µm, (c) x = 320 µm, 

S1= S2=  7.5 µm, (d) x = 300 µm, S1 =  S2 =  5 µm, and (e) x = 300 µm, S1 = S2 = 10  
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analyte in the core region is presented in Figure 5.11 for different geometrical 

conditions at 2.2 THz frequency. These figures exhibit that the electric field is closely 

confined in the core area and strongly interacts with the applied analytes, on the 

contrary, avoidable interaction in the cladding area is noticed. It will be mentioned that 

at this specific operating frequency of 2.2THz the applied analyte has a strong 

absorbance potential [121].   

 

Figures 5.12 and 5.13 reveal the sensitivity of the cholesterol identification by the 

developed THz sensor with the incremental changes of frequency for different 

geometrical parameters. The scenario of these figures indicates that the sensitivity is 

increased with the frequency, the reason for such kind of behavior is that when the 

frequency is increased then light is closely confined inside the core area whereas 

frequency is directly related to the effective refractive index which helps to enrich the 

interaction of light and targeted analyte, as a result, sensitivity enhance gradually. 

Figure 5.12 also indicates that the increment of core size also facilitates to raise 

sensitivity because the expansion of core size enhances the light-matter interaction area. 

At optimum design conditions and 2.2 THz operating frequency, this presented PCF 

exhibits 98.75 % sensitivity in case of cholesterol detection in the liquid sample, which 

is very much comparable with existing PCF based THz sensors for similar application 

[20-22, 48-53].  

Figure 5.13 exhibits the proportion of sensitivity with respect to frequency for different 

strut widths. This figure represents that large strut size slightly decreases the sensitivity, 

the reason is that higher strut size increases the light absorption possibilities by the 

background material consequently reduces the sensitivity. At the range of strut size (5 

to 10) µm, this proposed PCF sensor depicts 98.4% to 99% sensitivity at 2.2 THz. It 

will be noticed that there is no significant effect on sensitivity for changing strut size 

of 2.5 µm than the optimum condition for this hollow core PCF, so for maintaining 

fabrication tolerance, it is adjustable at any strut size within this range.  

The behavior of confinement loss is displayed in Figures 5.14 and 5.15 concerning 

frequency for several design conditions. Both figures exhibit that the confinement loss 

behaves in a downward manner for incremental changes of frequency.  The main reason  
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Figure 5.12: Sensitivity with respect to frequency at variable x and  y with fixed strut. 

 

Figure 5.13: Sensitivity as a function of frequency at variable strut widths with fixed x. 
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for such type of behavior is that, at a higher frequency, light propagates with more 

tightened confinement in the core region. Because of the strong interaction experience 

of presented PCF structure at a higher frequency, confinement loss decreases gradually. 

Larger core size makes it easier to pass more light through the core which also helps to 

enhance the interaction area between light and targeted analyte, as a result, confinement 

loss is minimized more which is also clearly visualized in Figure 5.14.  Strut size also 

has an impact on the confinement loss which is presented in Figure 5.15. At a fixed 

core size, lower strut size also helps for the better possible interactive areas between 

light and applied analytes that minimize the leakage loss.  Considering the optimum 

design situations at 2.2 THz operating points this designed PCF exhibits negligible 

confinement loss 3.14 × 10-20 cm-1 for cholesterol sensing cases, as far as our knowledge 

which is lower than ever published any PCF based THz sensor for similar applications. 

The response of EML is demonstrated in Figures 5.16 and 5.17 as a function of 

frequency for different geometrical situations. Both figures exhibit that the EML 

behaves in a downward manner for the augmentation of operating frequency. At higher 

frequency, the electromagnetic wave travels with higher intensity and compactly 

confined in the core region which reduces the probability of light material interaction 

for a hollow core PCF structure, consequently, EML is reduced. Impacts on absorption 

property by the core size and strut size are also visualized in Figures 5.16 and 5.17. At 

optimal design conditions, this presented PCF geometry reveals very low EML of 8.81 

× 10-4 cm-1 that is lower than recently published PCF based chemical sensor [49, 52, 

20, 22]. 

Figures 5.18 and 5.19 show the behaviour of the effective mode area of proposed 

geometry with respect to frequency. The visual representations of these figures indicate 

that higher frequency reduces the effective area.  At higher frequencies, the mode field 

is strongly localized within the core section, as a result, the effective area decreases. 

The designed PCF has provided a moderate value of the effective area of 4 × 10-8 m2 at 

optimum design condition. The changes of effective area for different geometric 

situations are also displayed in these figures.  
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Figure 5.14: Confinement loss versus frequency at variable x and y with fixed strut. 

 

Figure 5.15: Confinement loss versus frequency at variable strut widths with fixed x. 
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Figure 5.16: Behaviour of EML as a function of frequency at variable x and y with fixed 

strut. 

 

Figure 5.17: Behaviour of EML as a function of frequency at variable strut widths with 

fixed x. 
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Figure 5.18:  Effective area as a function of frequency at variable x and y with fixed 

strut. 

 

Figure 5.19:  Effective area as a function of frequency at variable strut widths with 

fixed x. 
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Figure 5.20:  Response of numerical aperture with respect to frequency at variable x 

and y with fixed strut. 

 

Figure 5.21:  Response of numerical aperture with respect to frequency at variable struts 

with fixed x. 
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Figure 5.22:  Nature of dispersion with respect to frequency at variable struts with fixed 

x. 

 

Figure 5.23: Nature of dispersion with respect to frequency at variable x and y with 

fixed strut. 

Dispersion flattened region 

Dispersion flattened region 



 

 

94 

 

 

Table 5.2: Response of different optical properties for the tested sample at ± 2 % and ± 

5 % geometric parameters deviation with optimum design condition. 

Geometrical 

Parameters 

Sensitivity (%) EML (cm-1) Effective Area (m2) 

+5% 98.871 0.00083748 4.79×10-08 

+2% 98.803 0.00086635 4.55×10-08 

Optimum 98.754 0.00088 4.40×10-08 

-2% 98.702 0.00090684 4.25×10-08 

-5% 98.616 0.00093233 4.02×10-08 

 

Table 5.3: Comparison with previously published PCF based chemical sensor and this 

proposed work. 

References Sensitivity 

(%) 

Lc Dispersion 

(ps/THz/cm) 

EML (cm-1) NA 

[20] 96.80 6.95 × 10-14 cm−1 - 0.0035 - 

[21] 80.93 1.23×10-11 dB/m ± 2 - - 

[22] 86.00 1.70 × 10-9 cm−1 ±0.265 0.005 0.37 

[48] 93.5 3.11 × 10−14 cm−1 - - - 

[49] 94.4 1.71 × 10−14 cm−1 - 0.00859 - 

[50] 63.24 10-11 cm-1 - -  

[51] 66.73 7.50 × 10-12 cm−1  -  

[52] 68.87 7.79 × 10-12 cm−1 ±0.38 0.05 0.35 

[53] 69.70 1.79 × 10-9 cm−1  - 0.33 

Proposed 

Work 

98.75 3.14 × 10-20 cm−1 ± 0.31 0.0008 0.35 

 

 

Figures 5.20 and 5.21 depict the scenario of the numerical aperture for the incremental 

function of frequency. From these figures, it is observed that NA behaves in downward 

manner with the incremental changes of frequency. Higher NA of 0.55 is attained at 1 

THz frequency point, though we have fixed 2.2 THz as an optimum point for 

considering our main goal improving sensitivity where 0.34 NA is obtained which 

comparable with existing PCF [21, 52, 22]. 

 

The nature of dispersion of the proposed PCF with the variation of frequency for 

optimum and other geometrical conditions is presented in Figures 5.22 and 5.23. 

Considering the optimal design parameters, ± 0.31 ps/THz/cm is obtained for a wide 

frequency range of  (1.4 – 2.2) THz which is also commensurate with prior proposed 

design for similar applications in same platform[21, 52].   
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The response of different optical properties shown in Table 5.2 by changing the 

geometrical parameters ± 2% and ± 5%. During the fabrication process, there is a 

possibility that the geometrical parameters change slightly from the optimum geometric 

conditions. It is seen that the proposed PCF sensor renders negligible changes with the 

± 2% and ± 5% geometrical parameters changes. Only 0.051% and 0.068% sensitivity 

deviation are observed by changing the geometrical specifications ± 2% and ± 5% 

respectively. Minimal changes are observed for other optical properties with this 

deviation of geometrical specifications.  

A comparison with previously proposed PCF based chemical sensor is presented in 

table 5.3. It represents that, this proposed THz sensor is significantly improved in all 

crucial properties for substance identification in liquid samples.  

In this work, an octagonal shaped hollow core with eight head star cladding PCF is 

designed and investigated for different crucial optical properties of cholesterol sensing 

in liquid samples. The examined consequence of the proposed sensor renders a very 

high sensitivity profile of 98.75% at 2.2 THz. Moreover, a very negligible confinement 

loss of   3.14 × 10-20 cm-1 and very low effective material loss of 0.0008 cm-1 have been 

derived from the proposed PCF in case of cholesterol detection. Additionally, a very 

flat dispersion profile of ± 0.31 ps/THz/cm is also noticed from this investigation.  

 

5.2.3 Octagonal Hollow Core PCF Bio-Sensor for Blood Components 

Detection 

An efficient blood component detection process is essential for the diagnosis of 

hematologic diseases. This work presents refractive index-based terahertz (THz) 

sensing with photonic crystal fiber (PCF) for the identification of the various blood 

components. An octagonal hollow-core surrounded by symmetrical air holes structured 

cladding PCF is designed and the sensing performances investigated using COMSOL 

Multiphysics (v.5.3a) with a finite element method. The proposed PCF geometry 

provides a significant improvement in the identification of blood components, nearly 

99% for all the tested substances (RBC, hemoglobin, WBC, plasma, and water) at THz 

frequency. Additionally, negligible confinement loss of 10–16±1 dB/cm is attained 
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around the same operating region. Furthermore, dispersion, effective area, effective 

material loss, and numerical aperture are found to be highly satisfactory and on par with 

published results, thus further ensuring the suitability of the use of the presented PCF 

in THz sensing.  

5.2.3.1  Proposed PCF Geometry and Design Methodology 

For modeling this PCF geometry, the COMSOL Multiphysics version 5.3a is employed. 

Different optical properties of PCF are analyzed through the finite element method 

(FEM) in the Multiphysics environment. FEM is the most comprehensive numerical 

technique compare to others analyzing approaches due to its convenient features such 

as reduction in the physical prototype, optimization of the components, and faster 

computation. The geometrical arrangement of the proposed PCF is demonstrated in 

Figure 5.24 with the magnification of the core. An octagonal structured hollow core is 

used in the core region to enhance the relative sensitivity compared to hexagonal, 

pentagonal, square, rectangular, etc. core. The optical properties of the proposed PCF 

with that of a circular-core as well as a decagonal-core PCF are also examined 

considering the same cladding structure and have found very negligible differences in 

performances. The reason for choosing the hollow core PCF is that it has a greater 

interaction area between light intensity and applied analytes that can facilitate higher 

sensitivity. On the other hand, it helps to minimize the light material interaction, thereby 

reducing EML. Blood is added in the designated place in the hollow region of the core 

for identifying its different components by employing the refractive index. To compete 

our results with existing similar works in the PCF environment we have tuned the 

geometrical parameters is nearly existing works and fixed the optimum design 

parameters. Total diameter of the PCF is fixed at 3 mm as optimal. The in-circle radius 

of the core R1 is selected 150 µm as optimum where core hole radius R2 is (R1-strut) 

µm. The circumcircle radius of core and core hole are denoted by r1 and r2, respectively 

where r2 = 1.0824 × r1. Strut size is the separation area between two adjacent air holes 

or material width between core and cladding holes. Strut size is found to be optimum 

at 7.5 µm for maintaining fabrication tolerance (the feasibility of 6.5 µm strut size 

already demonstrated in the existing manufacturing platform [109]). Each side length 
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of the octagon is indicated by L that is calculated by 𝐿 = 𝑅1
2√(4 + 2√2)

⁄ .The 

cladding section of presented PCF is introduced with a suspended composition that lies 

in a circular manner. The selection of the suspended structure reduces the volume of 

the host material and increases the amount of air.  

Topas, Zeonex, Silica, PMMA, Teflon etc. can be used as background material for PCF 

devices. Among these materials, Topas and Zeonex have shown lower absorption loss 

than others.  Topas and Zeonex have almost similar glass transition temperature but the 

refractive index of Topas negligibly fluctuates over a wide range of THz spectrum [87]. 

Moreover, Topas is impervious to environmental effects and has chemical idleness with 

exceptional bio-sensing peculiarity [87-88]. For these reasons, Topas is chosen as 

background material for the proposed PCF geometry. For protecting the PCF from the 

incident radiation caused by environmental effects, or by light pulse an anti-reflecting 

layer (perfectly matched layer) is circularly bounded on the outer side of the PCF.  A 

fine element size is retained for better accuracy in the meshing process. The complete 

mesh consists of 96150 domain elements and 6328 boundary elements with minimum 

element quality of 0.559.  

Air

Topas

PML

Strut

Strut

r1

R2

L

r2

R1

Analyte

 

 

Figure 5.24: Proposed PCF geometry with the core shown in expanded form. 
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5.2.3.2  Results and Discussions 

 

First, the interaction of light intensity and blood substances is illustrated in Figure 5.25 

at optimum design conditions (see Section 5.2.3.1) and 4.5 THz working frequency. 

One can see that light intensity has strongly interacted with the blood substances and 

light is closely localized in the core section. On the contrary, negligible interaction is 

observed in the cladding region.  

Commonly, in the PCF device, the effective refractive index continues to increase with 

the ascending frequency that enhances the optical power interaction. Such kind of 

superior interaction facilitates higher sensing responses. The proposed PCF also shows 

the same relation with frequency. This is revealed in Figure 5.26 is. Note the gradual 

increase in refractive index with increasing frequency for the various blood substances.   

The sensing proportion of designed PCF as a function of frequency is presented in 

Figure 5.27 for different blood constituents at optimum geometrical conditions. To 

 

     

     

(a) (b) (c) (d) (e) 

 

Figure 5.25: Mode power distribution of the proposed PCF for various targeted 

substances in x-polarization mode at 4.5 THz frequency with intensity scale (a) RBC, 

(b) Hemoglobin, (c) WBC, (d) Plasma, and (e) Water. 
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Figure 5.26: Behavior of effective refractive index of the proposed PCF for different 

blood components with respect to frequency. 

  

Figure 5.27:  Sensitivity as a function of frequency for different blood components at 

optimum design conditions. 
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Figure 5.28:  Sensitivity as a function of frequency for different blood components at 

6.5 µm strut size. 

 
Figure 5.29:  Peak sensitivity shifting with respect to frequency for different blood 

components. 
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examine the sensitivity of this PCF, several blood component cases are investigated by 

employing the following refractive index values: RBCs = 1.4, hemoglobin = 1.38, 

WBCs = 1.36, plasma = 1.35 and water = 1.33.   

 

The refractive index of an analyte is directly related to the relative sensitivity. The 

RBCs exhibit highest sensitivity among the tested substances because of the refractive 

index of RBCs is more than the others. Higher frequency also facilitates strong 

interaction between light intensity and applied analytes that enhances the detection. It 

should be mentioned that the increasing tendency of sensitivity becomes minimal after 

a certain frequency and even the sensitivity starts to decline when it has experienced 

the maximum interaction. This certain frequency depends on the geometrical 

arrangements of the PCF and refractive index of the analyte. This situation is presented 

in Figure 5.29 for different blood components identification cases.  In the proposed 

case, after 4.5 THz frequency, very insignificant improvement of sensitivity is seen for 

most of the tested blood constituents; especially, in water detection cases it starts to 

decline. For others blood components cases phase shifting is observed due to change of 

refractive index among the analytes. From the figure 5.29 it is observed that at the 

optimal geometrical situation, the proposed PCF renders maximum 99.25 % sensitivity 

for RBCs at 5.6 THz, 99.06 % for hemoglobin at 5.2 THz, 98.82 % for WBCs at 4.8 

THz, 98.68 % for plasma at 4.6 THz, and 98.35 % for water at 4.5 THz frequency. It 

will be mentioned that at the mentioned frequency the blood components have strong 

absorbance potential [122-123].  This performance is superior to those of the refractive 

index-based PCF sensors reported before for same application [21, 46-48], as well as 

recently developed substances detector based on refractive index in PCF [20, 22, 45].   

 

Because of the highly porous structure PCF, 7.5 µm strut width is considered to sustain 

manufacturing tolerance in existing fabrication platforms, note here that higher strut 

size enhances the material absorption loss. However, as reported in [109], the sol-gel 

technique can be used with also 6.5 µm strut width, the sensitivity of presented PCF is 

also investigated with 6.5 µm for all the targeted analytes and the response is 

demonstrated in Figure 5.28. It is seen that compared to using a strut with 7.5 µm width, 
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the improvement achieved in sensitivity is insignificant, only 0.2 % sensitivity is 

enhanced with this strut size. Alongside it is a reality that maintaining exact optimum 

design parameters is somewhat difficult during fabrication. In this respect, the 

sensitivity of the proposed PCF is further studied for the blood constituents by changing 

the geometrical parameters ± 2% and ± 5%. The results are provided in Table 5.5. Note 

that a meagre ± 0.015 % sensitivity change is observed with respect to the optimum 

values for each tested element. 

 

Higher core size enhances the possible interactive area of light-matter inside the core 

that flourishing the sensing rate. The sensing proportion of different blood elements by 

the proposed PCF structure as a function of the core radius is presented in Figure 5.30. 

A gradual change of sensitivity is noticed with the increase of the core radius. About 

0.25 % sensitivity is augmented for all the tested cases by increasing the core radius by 

10 µm than the optimum core radius. 

 

Figure 5.30: Sensitivity with respect to core radius for different blood components at 

the optimum operating frequency of 4.5 THz. 
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The sensing performance is further studied using different cores considering the same 

cladding structure. It is seen that the performance of proposed PCF is quite similar with 

that of a circular or decagonal core. For example, a very negligible difference in 

sensitivity is observed which is on an average value of 0.086% for different blood 

constituents’ cases. On the other hand, the proposed PCF geometry provides an average 

sensitivity improvement of 0.172%, 0.325%, and 0.439% as compared to hexagonal, 

square, and pentagonal cores. Table 5.4 summarizes the values of the different optical 

properties using different cores. 

The property of confinement loss with respect to frequency is shown in Figure 5.31. It 

is seen that confinement loss responds in a decreasing manner with the increase of 

frequency. Higher frequency enhances the interaction of the evanescent field with 

applied analytes that declines the confinement loss. The refractive index of analytes is 

also directly involved with this event. A higher refractive index facilitates strong 

interaction, as a consequence confinement loss is minimized. As seen in Figure 5.32, 

among the tested substances water exhibits the higher confinement loss for it has the 

lowest refractive index.  At optimum design conditions, ultra-low confinement loss of 

1.6 × 10-17 dB/cm for RBCs, 1.03 × 10-16 dB/cm for hemoglobin, 2.8 × 10-16 dB/cm for 

WBCs, 3.05 × 10-16 dB/cm for plasma, and 2.1 × 10-15 dB/cm for water are obtained for 

the presented PCF for 4.5 THz working frequency, a superior performance  than the 

previously proposed refractometric blood components detection process using PCF [21, 

46-48].    

Due to the selection of hollow-core structured PCF, the requirement of Topas is 

minimized, as well as it reduces the possibility of light material interaction. Small scale 

interaction of light intensity with Topas reduces the material absorption loss (EML). 

The experience of light material interaction of the proposed PCF for different blood 

constituents’ cases is shown in Figure 5.32 as a function of frequency.  It is seen that 

EML is decreasing with increasing frequency. The light intensity is closely confined 

with the rising frequency that helps to minimize the EML. Considering the optimal 

structural conditions, the values of EML obtained are 0.0010 cm-1, 0.0012 cm-1, 0.0014 

cm-1, 0.0015 cm-1, and 0.0018 cm-1 for RBCs, hemoglobin, WBCs, plasma, and water.   
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Figure 5.31: Confinement loss as a function of frequency for each blood component at 

optimum design conditions. 

 
Figure 5.32: Material absorption loss as a function of frequency at optimum design 

condition for different blood components. 
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Figure 5.33: Effective area with respect to frequency for each tested analytes at 

optimum design condition (with zoomed-in portion) 

 
Figure 5.34: Behavior of numerical aperture (NA) with respect to frequency for each 

tested analyte at optimum design condition (with zoomed-in portion). 
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The behavior of the core concentrated mode power area with frequency is shown in 

Figure 5.33. Due to the increasing frequency, light pulses are compactly confined inside 

the core region. It means that when the frequency is increasing, the total guided power 

is concentrated towards the core area. As a result, the effective mode area decreases 

with higher frequency as seen in Figure 5.33. The optimal outcome of the effective area 

is nearly 4 × 10-8 m2 for all the tested cases.  

 

The response of numerical aperture (NA) as a function frequency at optimum design 

parameters for various blood elements is demonstrated in Figure 5.34. It is noticed that 

the highest values of NA achieved are 0.519, 0.513, 0.506, 0.503, and 0.496 for RBCs, 

hemoglobin, WBCs, plasma, and water, respectively at 1 THz frequency. However, at 

4.5 THz, the chose operating frequency for the proposed PCF, the values of NA are 

0.179, 0.177, 0.174, 0.173, and 0.170, respectively. It will be noticeable that all of the 

prior proposed PCF based blood constituents’ sensors ignored presenting this 

characteristic [21, 46-48]. 

The nature of dispersion for selected blood substances at optimum design conditions in  

 
Figure 5.35: Nature of dispersion as a function of frequency for each tested analyte at 

optimum design conditions. 
 

Dispersion flattened region 
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Table 5.4: Sensing performance for different cores with proposed cladding. 
 

 

Analytes 

Sensitivity (%) 

Core Type 

Octagonal Circular Decagonal Hexagonal Square Pentagon 

RBC  

(RI = 1.4) 

99.18 99.25 99.19 
99.02 98.96 98.99 

Hemoglobin 

(RI = 1.38) 

99.02 99.10 99.04 
98.85 98.72 98.76 

WBC  

(RI = 1.36) 

98.81 98.90 98.83 
98.63 98.38 98.42 

Plasma  

(RI = 1.35) 

98.68 98.77 98.69 
98.501 98.17 98.282 

Water  

(RI = 1.33) 

98.35 98.45 98.36 
98.182 97.59 97.962 

 

Table 5.5: Sensitivity of each blood component at ± 2 % and ± 5 % geometric 

parameters deviation with optimum design condition for 4.5 THz frequency. 
 

 Sensitivity (%) 

RBCs  

(RI = 1.40) 

Hemoglobin  

(RI = 1.38) 

WBCs  

(RI = 1.36) 

Plasma  

(RI = 1.35) 

Water  

(RI = 1.33) 

+ 5% 99.206 99.040 98.820 98.690 98.357 

+ 2% 99.190 99.028 98.814 98.682 98.353 

Optimum 99.179 99.018 98.808 98.679 98.351 

- 2%  99.166 99.007 98.801 98.674 98.348 

- 5% 99.145 98.987 98.785 98.662 98.344 

Table 5.6: Comparison with previously proposed THz sensor in PCF platform for blood 

constituents sensing application. 

Prior  

Works 

Sensitivity (%) Lc NA 𝛽2 

[ps/THz/cm] 

EML 

(cm-1) RBCs 

RI = 1.4 

Hemoglobin 

RI = 1.38 

WBCs 

RI = 1.36 

Plasma 

RI = 1.35 

Water 

RI = 1.33 

[28] 56.05 

 

66.47 53.72 

 

54.05 

 

55.09 

 

10-10 ± 1 

(dB/cm) 

- - - 

[29] 66.46 65.05 62.72 58.04 55.82 10-14.5 ± 1.5 

(dB/cm) 

-  - 

[30] 80.93 80.56 80.13 79.91 79.39 10-13.5 ± 0.5 

(dB/cm) 

-     ± (1.81  

          to 

        2.14) 

- 

[31] 93.50 92.41 91.25 90.48 89.14 10-13.5 ± 0.5 

(cm-1) 

- - - 

[47] 95.80 95 93.6 92.5 91.4 10-10 ± 1 

(dB/m) 

0.38 - - 

Proposed 

Work 

99.18 99.02 98.81 98.68 98.35 10-16 ± 1 

(dB/cm) 

0.170 

to 

0.179 

    ± (0.066 

to 

0.069) 

0.0010 

to 

0.0018 
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the frequency range of 1-4.6 THz is shown in Figure 5.35. It is seen that the analytes 

behave almost similarly with slight deviations. A higher refractive index containing 

analytes produces comparatively leading dispersion.  The behavior of dispersion for 

each analyte becomes almost flattered in the wide range of frequency (2.6 – 4.6) THz, 

indicative of the PCFs working ability in multichannel sensing application. For 

example, the obtained dispersion at 4.5 THz frequency is very close to 0.036 ps/THz/cm 

for each component and the deviations are  ± 0.067 ps/THz/cm, ± 0.067 ps/THz/cm,± 

0.066 ps/THz/cm, ± 0.069 ps/THz/cm, and ± 0.069 ps/THz/cm for RBCs, hemoglobin, 

WBCs, plasma, and water, respectively in the huge operating range of (2.6 – 4.6)THz. 

This is lower and flatter than recently reported PCF geometry for blood components 

identification in the THz regime [21].  

 

Finally, a performance comparison is carried out in Table 5.6 with prior proposed blood  

components identification using PCF in THz domain. It is observed that the proposed 

PCF while giving better sensitivity, enhances the other crucial properties. 

 

In this work, a PCF geometry has been presented for identifying different blood 

constituents based on the refractive index in the THz spectrum. The highest sensitivity 

values that have been achieved are 99.18 % for RBCs, 99.02 % for hemoglobin, 98.81 

% for WBCs, 98.68 % for plasma, and 98.35 % for water at the selected operating 

frequency of 4.5 THz and optimum geometric conditions. Alongside, the proposed PCF 

exhibits negligible confinement loss of   1.6 × 10-17 dB/cm for RBCs, 1.03 × 10-16 dB/cm 

for hemoglobin, 2.8 × 10-16 dB/cm for WBCs, 3.05 × 10-16 dB/cm for plasma, and 2.1 

× 10-15 dB/cm for water at the same operating frequency. Additionally, near-zero 

flattened dispersion in a wide THz range with a very low material absorption loss, and 

high numerical aperture individuality have been reported for the proposed PCF, making 

its well-suited for improved sensing.  

 

5.2.4 Circular Hollow Core PCF Bio-Sensor for Blood Protein 

Detection 

 

The presence of albumin in human urine is one of the confirmed early symptoms of 
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kidney dysfunction. A precise urine protein identification process is very urgent to 

monitor the kidney’s proper functioning. In this context, a refractometric protein 

sensing approaches in the photonic crystal fiber (PCF) environment has been 

introduced here. A PCF geometry with suspended cladding and circular hollow core 

have been developed and investigated in the Terahertz (THz) spectrum for protein 

identification in the liquid samples. Three levels of albumin concentrations 7-125 

mg/dl, 250-500 mg/dl, and 1000 mg/dl are considered to evaluate the sensing 

performances of proposed PCF. The numerical investigations are performed in the 

Comsol Multiphysics platform where the finite element method figure out the 

numerical behaviors. The performances of proposed PCF exhibit highly sensitive 

characteristics for albumin identification in the different albumin concentration levels 

of urine and the sensitivity is more than 98.5 % for all the tested concentration levels 

due to the strategic selection of geometrical parameters and proper optimization. 

Alongside negligible confinement loss of 10-16 cm-1 is attained at the same operating 

point of 4.3 THz.  

 

5.2.4.1 Design methodology of proposed PCF geometry 

 

The performances of existing PCF in sensing cases indicate that micro-structured fiber 

can be a potential solution for sensing applications. Sensing performances of PCF 

devices mostly dependent on geometrical arrangements. The geometrical arrangements 

of proposed PCF are displayed in Figure 5.36 with the amplified core and the 3D view 

of developed PCF is presented in Figure 5.37 for better visualization.  A horse wheel-

like, simple PCF geometry is developed for the bio-sensing applications. A most 

common circular shaped core is considered to form the PCF core for avoiding 

fabrication complexity. The hollow core with circular shaped is constructed to enhance 

the interactive area of targeted substance and light intensity. Alongside it also helps to 

minimize the background material requirement that also facilitates reduce absorption 

loss. Most of the prior developed PCF geometry are considered nearly 300 µm core 

diameters to investigate in the THz spectrum in case of sensing. For competing our 

investigated results with previously designed PCF, 160 µm core radius rc is fixed as 

optimum after setting the design parameters at several points. The core hole radius is 
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indicated by rh which fixed at 152.5 µm considering the strut width of 7.5 µm.  

 

At above mentioned geometrical conditions the developed PCF exhibit improved 

sensing properties such as sensitivity, confinement loss, dispersion, effective material 

loss etc. The optimized geometrical parameters are listed in Table 5.7. Strut width can 

be defined here as the material width between the core hole and the cladding hole. Strut 

in the cladding area is indicated that the separation area between two adjacent holes is 

also considered the same as the core strut. A symmetrical circular manner 600 sectoring  

60
0

strut

strut

rc

rh

RRPML

Air Topas

Urine
PML

 
 

Figure 5.36: Geometrical cross-sectional view of proposed PCF with amplified core. 

 

Figure 5.37: 3D view of proposed PCF Geometry. 
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cladding structure is designed considering the fabrication complexity. Targeted stuff 

concentration has been applied in the core hole and dry air is considered in the cladding 

holes for this investigation.  

Usually, several polymer materials can be the strong candidates as a host material. 

Because of higher absorption loss by the PMMA, Teflon, these are not considered in 

this case. Zeonox and Topas are the two-dominant postulant in this area with similar 

absorption loss (~0.2 cm−1), high glass transition point, high light transmission (91%), 

avoidable material dispersion, and material insensitive, etc. [118].   As per the 

experimental evaluation of Zeonox and Topas there are no significant differences 

between them in almost all the tested properties cases [118, 129]. So, any of these can 

be well suited for PCF devices. In this investigation, Topas was chosen as background 

material.  For reflecting the incident radiation produced by the environmental effect, a 

perfectly matched layer has been used as an antireflecting layer in the outer region of 

the fiber. 

Table 5.7: Optimized geometrical parameters 

 

Parameters Dimension(µm) 

Core hole radius (rh) 152.5 

Core radius (rc) 160 

Cladding radius (R) 1132.5 

Strut 7.5 

PML radius  (RPML) 100 

Total PCF diameter 3000 

 

5.2.4.2 Results and discussions 

 

To design the PCF geometry and analyze the sensing properties of developed PCF, the 

most powerful computational technique finite element method has been utilized in the 

Comsol Multiphysics v. 5.3a environment. Because of less computational time and 

complex, PDEs solution ability made it the best than the other techniques for 

optoelectronics devices.  The interactive situation of targeted substance and light  
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(a) (b) (c) 

Figure 5.38: The mode field distribution with intensity scale of proposed PCF for 

different level of protein concentration in x-polarization mode at optimum design 

conditions (a) 7-125 mg/dl, (b) 250-500 mg/dl, and (c) 1000 mg/dl.  

 

intensity are presented in Figure 5.38 with the intensity scale in x-polarization mode. 

Because of symmetrical arrangement in the cladding region with hollow core settlement 

both polarization modes render the same behavior.  

 

From this figure, it is clearly visualized that the interactive area is closely localized in 

the core area and the light pulse and targeted substance have strongly interacted. 

Contrariwise inconsequential interaction in the cladding region is noticed. 

 

The sensing capability of developed PCF for protein identification as a function of 

frequency is presented in Figure 5.39. Three concentration levels of protein in urine are 

considered for evaluating the sensitivity of the proposed PCF. The proportion of 

sensitivity mostly depended on the refractive index of targeted analytes at a fixed design 

parameter and a certain operating region. Changes of refractive index for different 

concentration levels are very tiny as a result rate of sensitivity seems the same for all 

the samples. But the deviations are shown in the enlarged view of the figure. With the 

augmentation of frequency light intensity strongly interact with the targeted analyte that 

enhances the sensitivity. At a certain frequency, the light-matter interaction is reached 
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Figure 5.39: The response of sensitivity for different protein concentration of urine as 

a function of frequency.  

 
Figure 5.40: Peak sensitivity shifting for different protein concentration of urine as a 

function of frequency.  
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Figure 5.41: Nature of confinement loss with respect to frequency for different 

concentrations level of albumin in urine at optimum design conditions 

 

at a maximum level, after that the sensitivity starts to decline which is clearly displayed 

in Figure 5.40. It will be mentioned that at this specific frequency the Albumin has a 

strong absorbance potential [130]. At 4.3 THz operating points the proposed PCF 

renders maximum sensitivity of 98.576 % for 7-125 mg/dl albumin concentration, a 

small shifting of the peak is noticed for 250-500 mg/dl, and obtained maximum 

sensitivity is 98.591% at 4.4 THz frequency. Similarly, maximum sensitivity of 98.607 

% is observed for 1000 mg/dl concentration at 4.5 THz frequency. Due to a small 

change of refractive index among the different concentration levels of albumin in urine, 

only 0.1 THz phase shifting is observed for maximum sensitivity attainment however 

this shifting of frequency is acceptable for identifying the different levels of albumin in 

the urine. 

 

It is to be mentioned that during fabrication exact optimum geometrical situations 

maintaining is a big challenge. Considering this fact sensitivity of presented PCF for 
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protein detection in urine concentration is listed in Table 5.8 by changing ± 2 % and ± 

5 % geometrical parameters. It can be expressed that from Table 5.8, the impact on 

sensitivity by these geometrical variations is very insignificant. The subtlety of 

geometries can be varied up to 5 % without any significant consequences. 

 

The variations of confinement loss for different concentrations of albumin have been 

demonstrated in Figure 5.41 with the shifting frequency. Due to the ascending manner 

of frequency, the propagated optical signal compactly passes inside the core region that 

has an impact on increasing sensitivity. It indicates that when the frequency acts in the 

incremental nature, the mode fields constrict more strictly towards the hollow core area, 

and hence, the CL curves exhibit descending nature for the high level of frequency that 

neatly signifies in Figure 5.41.  At optimal frequency conditions, the CL is investigated 

8.3×10-16 cm-1 , 1.07×10-16 cm-1, and 3.37×10-17 cm-1 for (7-125mg/dl), (250-500mg/dl), 

and 1000 mg/dl concentrations of albumin accordingly which are trivial as compared 

to the recently proposed RI- dependent sensors for similar application in the PCF 

platform [2, 20-22, 43, 48-49,52, 135, 132]. 

 

A comparison with the recently developed PCF based THz sensor for chemical 

identification is presented in Table 5.9. It can be mentioned that from Table 5.9, this 

proposed work not only improved the sensitivity, besides all other necessary optical 

properties have improved at a significant level including confinement loss, effective 

area and effective material loss. Hollow core with circular shaped PCF has the greater 

interactive area that enhances the interaction area between applied analyte and light 

intensities. Besides, the highly porous structure of cladding and hollow core reduces 

the interactive area of the light pulse with bulk material that also helps to reduce the 

losses. Depending on these matters, we have chosen a hollow and circular shaped core 

with highly porous cladding geometry. The listed previous works in table 5.9 have not 

considered the above mentioned two factors together, that makes our developed 

structure unique with improved performances. 

In this research, a RI based HC-PCF biosensor has been developed for albumin 

detection in urine on basis of kidney’s dysfunctionality identification. To investigate  
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Table 5.8: Sensitivity of each tested sample at ± 2 % and ± 5 % geometric parameters 

deviation with optimum design condition at 4.3 THz frequency. 
 

Geometrical 

Parameters 

Sensitivity (%) 

7-125 mg/dl 

Concentration 

250-500 mg/dl 

Concentration 

1000 mg/dl 

Concentration 

+5% 98.581 98.596 98.612 

+2% 98.577 98.592 98.608 

Optimum 98.576 98.591 98.607 

-2% 98.574 98.589 98.603 

-5% 98.565 98.580 98.594 

 

Table 5.9: Comparison with recent RI- dependent sensors for similar application in the 

PCF platform. 

Ref. Targeted Analyte/s Refractive 

Index 

Sensitivity 

(%) 

Lc 

 

𝛽2 

[ps/THz/cm] 

EML 

(cm-1) 

Aeff 

 

[2] Ethanol 1.36 73.78 10-8 dB/m 0.4 ± 0.5 - - 

 

[21] 

Water, Plasma, WBCs, 

Hemoglobin, and RBCs 

1.33 – 1.4 79.39 - 80.93 10-10 ± 1 

(dB/cm) 

2.1 ± 2.02  ≈ 1 × 105 

(µm2) 

 

[48] 

Water, Plasma, WBCs, 

Hemoglobin, and RBCs 

1.33 – 1.4 89.14 - 93.50 10-13.5 ± 0.5  

(cm-1) 

 - 2.2 × 105 

μm2 

[49] Sarin, Soman, and 

Tabun 

1.366 -1.44 92.84 - 94.4 1.71 × 10−14 

cm−1 

- 0.0085-

0.0094 

- 

 

     [132] 

Dioxin, Toluene, 

Hydrogen sulfide, 

Nitrogen 

dioxide, Sodium cyanide 

1.36-1.65 89.6-91.5 10-16 ± 1 

(cm-1) 

- 0.019 ± 

0.001 

(4-5) × 10−8 

m2 

Proposed 

Work 

Albumin  1.335-1.337 98.58 - 98.61 10-16.5 ± 0.5 

(cm-1) 

0.30  ± 0.33 ≈ 0.0173  ≈ 5.06 × 

10−8 m2 

 

the sensing performance of the presented PCF, three levels of protein concentration in 

urine have been considered. The investigated consequence of the proposed PCF reveals 

a superior response of relative sensitivity for all the tested level of concentration in the 

terahertz spectrum. Moreover, it renders a very trivial confinement loss and near zero 

dispersion flattened profile. The investigated results of proposed PCF and the practical 

implementation potential by the state-of-the-art fabrication technology apprise that it 

can be a great solution for biosensing applications. 

5.3 Summary 

 

Simple and unique hollow core photonic crystal fiber geometries has been developed 

for identifying different toxic analytes and biological components. At first a PCF with 
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square shaped hollow core with suspended have designed. Considering harmfulness of 

Alcohol, alcohol has been used as a targeted analyte in this case. This proposed PCF 

shown 89.85% sensitivity with very low confinement loss. After that an octagonal 

hollow core with suspended cladding PCF has been proposed for LDL cholesterol 

detection in liquid foodstuffs and blood. For medical diagnosis by an optical device 

numerical aperture profile verification is also important. An acceptable performance 

has been achieved for all the tested cases. Blood components detection is very important 

for hematological diseases. For efficient use of PCF as biosensor modified the previous 

design and designed a new PCF geometry for blood components detection. This 

proposed PCF renders superior performances than the existing PCF blood components 

detector in the THz platform.  Lastly, another biosensor have been proposed with 

circular shaped core and suspended cladding PCF for blood protein detection. Three 

concentration level of blood protein in urine has been considered in this case. All the 

sample cases this proposed PCF sensor revealed almost 99% sensitivity with ultra-low 

confinement loss. The investigated consequences of the proposed PCFs reveals a 

superior response of relative sensitivity for all the tested cases. Moreover, these renders 

a very trivial confinement loss and near zero dispersion flattened profile. The 

investigated results of proposed PCFs and the practical implementation potential by the 

state-of-the-art fabrication technology apprise that these can be a great solution for 

sensing applications. We have discussed the proposed PCFs for waveguiding in Chapter 

4 and proposed PCFs for sensing in Chapter 5, both cases the proposed PCFs have 

shown excellent characteristics for all the tested cases.  Still, there is a lack of 

developing a single PCF for both applications. Thereafter, we have developed a PCF 

structure and tested for both waveguiding sensing applications. This PCF geometry and 

the performance are discussed in Chapter 6.  
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Chapter 6 

PCF for Waveguiding and Analytes Sensing: 

Design & Analysis 
 

6.1 Introduction 

The photonic crystal fiber (PCF) provides a highly promising solution for THz wave 

guidance due to its remarkable wave-guiding capability with reduced absorption loss, 

near-zero flattened dispersion, and lower confinement loss. In addition, presently PCF 

has attained acceptance in sensing areas because of detecting potential, low weight, tiny 

size, etc. The purpose of this work is not only to provide high-quality THz transmission 

but also to render an ability for sensing different toxic analytes, basically several 

harmful and well-known liquid chemicals and air pollutants, with high sensitivity. In 

this context a hexagonal porous PCF has been developed for high-frequency 

communication but also for satisfactory sensing applications. This design procedure, 

novelty of design, performances, and applications of the proposed PCF structure are 

discussed in this Chapter.  

 

6.2 Development of PCF for Waveguiding and Analytes 

Sensing 

 
In this work, a hexagonal-shaped porous core and sectored-cladding structured 

photonic crystal fiber (PCF) is presented for efficient wave propagation in Terahertz 

(THz) domain.  The full vector analysis based finite element method with Comsol 

software (v. 5.3a) is employed to design and optimize the PCF geometry and evaluate 

its optical properties. The PCF geometry demonstrates polarization maintaining 

attributes with a significant distinction between x and y polarization modes. The 

proposed PCF exhibits an ultra-low effective material loss (EML) of 0.013 cm-1 and 

0.020 cm-1 in x and y polarization mode, respectively with a flattened dispersion of ± 

0.020 ps/THz/cm and ± 0.065 ps/THz/cm in the respective modes at 1 THz. 
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Additionally, the proposed PCF structure is investigated for sensing different liquid 

chemicals (cholesterol, methanol, ethanol, and benzene) and air pollutants (cyanide, 

dioxin, nitrogen oxide, and hydrogen sulfide). It is shown that the proposed PCF can 

outperform a number of recently reported designs in the literature.  

6.2.1 Proposed PCF Geometry Development 

 
Several types of geometrical structure have been developed for similar applications in 

PCF platform such as square [132], Kagome [23, 26], slotted [20], hexagonal [52], D-

shape [128], steering wheel [121], pentagonal [45], octagonal [130], spiral [127] and 

elliptical [31]. Some geometrical arrangements can enhance theoretical properties while 

it may not be possible to implement due to fabrication complexity. Considering the 

impacts on optical behavior by the size and shape of holes, separation area between two 

adjacent holes, symmetrical or asymmetrical holes setup and implementation 

possibilities in the existing fabrication environment, the present PCF geometry is 

proposed. Asymmetrical cladding structure in a circular manner and hexagonal shaped 

core with unsymmetrical holes are organized in order to preserve the effective 

polarization state. Higher birefringence is facilitated for improving sensitivity as well 

as efficient wave transmission in both polarizing states. Material is added inside the 

core in a way that makes the core robust and keeps the material at a minimum level to 

increase the sensitivity and minimize the material absorption loss.  The cross-section of 

the proposed PCF geometry is shown in Figure 6.1 (the core is enlarged for better view). 

Different polymer materials such as TOPAS, Zeonex, Silica, PMMA Teflon etc. can be 

used as the background material. Refractive index of TOPAS is considerably fluctuated 

over a large frequency range, well suited for minimum material dispersion [118]. Bulk 

material loss is also lower compared to other polymers. Further it is insensitive to 

environmental aspects such as humidity and water vapor absorption and has chemical 

inertness with special bio-sensing properties [87-88]. For these reasons, Topas is 

chosen as a background material in this PCF structure.  

 

In the design (see Figure 6.1), a core radius of r = 150µm is selected as optimum, where 

Dcore = 2r. For sectoring the hexagonal core, three rectangles are used; two kinds of 
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holes are formed where S1 = S2 = r/2 – (strut + strut/4), strut denoting the separation 

area between two adjacent holes. The strut width of the core and cladding is fixed at 

7.5 µm as optimum to reduce fabrication complexity as well as minimize the scattering 

loss, (note R. T. Bise et al. fabricated a PCF with 6.5 µm strut [109]).  Lower strut size 

also helps to decrease the absorption loss and improve the sensitivity. The host material 

width around the core is denoted by p and depends on the porosity of the core. Porosity 

is defined as the ratio of air holes area inside the core and total area of the core. It can 

be presented by the following equations, 

Core porosity (%) = 
Total air area in the core 

Total area of the core
 × 100 

At 80 % core porosity, value of p is exactly same as the selected strut size and this value 

of ‘p’ is considered optimum for all the tested cases. The optimum value for geometrical 

parameters is listed in the Table 6.1. Fragments inside the core are filled by air or 

different targeted samples depending on the purpose of uses. Analytes filling in the core 

can be done by using the capillary action [134]. The mechanical assistance of an optical 

fiber is its bottleneck, but because of weeny length of the PCF for detection it will not 

be a problem. It is important to ensure that the sample does not enter in the cladding 

section, to confirm that the sample could be slowly fed from a hypodermic syringe. A 

blockage layer could be applied in the cladding section for protecting the entrance of 

the liquid samples from the insertion side.  A selective filling method for infiltration of 

analytes has been developed by Huwang et al. [135]. In this method, the holes of the 

fiber are injected by the polymer NOA 73 using an external pump and a syringe. After 

that, the polymer is UV-curved and then several steps the air holes of the cladding are 

capped with the cured polymer with the central point of the core open. Then the 

unknown analyte is applied in the core and RI will be detected. 

In the cladding region, six rectangles are used to sector the whole cladding where two 

different shaped air fragments are constructed. Because of this highly porous structured 

cladding, we have fixed the total fiber diameter 3 mm for improving durability in 

practical. The width of the slot S3 of cladding is also same as the radius of the core. In 

the outer shell, a perfectly matched layer (PML) is employed as a boundary condition 

to protect the unwanted destructions by the environment or by the applied light source.   
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Table 6.1: Optimum geometrical parameters 

 

Geometrical Parameters Size (µm) 

Core radius (r) 150 

Core Diameter (Dcore) 300 

Core air slot (S1) 65.625 

Core air slot (S2) 65.625 

Strut  7.5 

PML 110 
 

S2

S1

Dcore

Strut

Strut

S3

r

p

PM
L

Topas

Air

Air / Targeted Samples

 

Figure 6.1: Cross section view of the proposed PCF; an enlarged view of the core is 

also provided. 

 

6.2.2 Result Analysis and Discussion 

Finite element method (FEM) with Comsol software (v.5.3a) is employed to design, 

and for modeling and measuring the interaction of electromagnetic pulses with 

associated components. FEM can solve for the wave propagation and estimating 

relevant properties including electromagnetic field distribution as a function of 

frequency or spatial position. Furthermore, FEM has the potential to fix the coupled 

physics, mechanics, chemistry and biological crux [136-138].  
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The use of FEM in the proposed PCF design is carried out in several steps such as 

model geometry selection, physical properties setting, boundary assignment and setting 

initial conditions, meshing, and finally partial differential equations (PDEs) for 

determining the electromagnetic field distribution. The complete mesh of the proposed 

geometry consists of 35834 domain elements and 2588 boundary elements with a 

maximum element size of 1801 µm, minimum element size of 17.1 µm, growth rate of  

1.5, and curvature factor of 0.6. During the whole simulation, fine element size is 

maintained to improve the accuracy of the fiber.  

 

6.2.2.1 THz Wave Transmission Properties 

Tight confinement of the electromagnetic field in the core region is very important for 

efficient THz wave transmission. The state of the electromagnetic field in the core 

region is shown in Figure 6.2 for both polarizations at optimum geometrical conditions 

with different porosities. It is clear that the electric field distribution is narrowly 

confined in the core section and insignificant interaction is observed in the cladding 

area. At lower porosity the electromagnetic field is more closely confined in the core 

section due to the presence of the higher background  material area in the core.  

 

    
x polarization mode y  polarization mode 

(a) 

 
 

 
 

x polarization mode y  polarization mode 
(b) 

Figure 6.2: Electric Field Distribution in x and  y polarization modes, (a) Dcore = 

300µm, porosity = 80% frequency = 1THz, (b) Dcore = 300µm, porosity = 85% 

frequency = 1THz 
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The simulation results for confinement loss and EML with respect to frequency are 

depicted in Figures 6.3 (a) and (b) for x and y polarization, respectively. It is observed 

that EML is increasing linearly with the incremental value of frequency. This can be 

explained using the empirical relation  𝛼(𝑣) =  𝑣2 +  0.63𝑣 − 0.13 [dB/cm] where v 

is the normalized frequency [26]. The incremental change of frequency helps to 

narrowly confine the optical pulse which rose up the EML due to intensive light matter 

interaction. Ultra-low EML of 0.013 cm-1 and 0.020 cm-1 is achieved for x-polarization 

and y-polarization modes, respectively at 1 THz for 80% core porosity. At higher 

frequency, the value of absorption loss coefficient increases due to the higher light 

intensity interacting with the material which enhances the EML. In general, the hollow 

core PCF shows comparatively lower EML than the porous core PCF due to the 

presence of the background material inside the core section for a porous core PCF.  

 

The objective of this work is to propose a PCF structure that can be used for long-

distance THz wave guidance as well as for unknown analyte identification cases. In the 

case of long-distance wave guidance, single-mode operation of the PCF is important  

 

 

 

(a)  
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(b)  

Figure 6.3: Behaviors of EML and confinement loss with respect to frequency at 

different core sizes (a) x- polarization, (b) y-polarization.  

 

Figure 6.4: Total loss in x and y polarization mode as a funtion of  frequency at optimum 

design conditions. 
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but in hollow-core structured PCF with a core radius of 150µm, it is quite impossible 

to operate in single mode. On the other hand, a lower core radius will reduce the 

sensitivity as well as core infiltration process will be more challenging.  With respect 

to our objectives and considering the above-mentioned facts, the authors have decided 

to employ a porous core PCF, not only for high-frequency communication but also for 

satisfactory sensing application. In addition, this proposed PCF renders lower EML 

than the many of porous core PCF [6, 26-29]. 

 

Confinement loss as a function of working frequency is shown in the right y-axis of 

Figures 6.3 (a) and (b). It can be seen that with increasing frequency the confinement 

loss is reduced. This due to the fact that mode power starts to compress in the core 

region with the growth of frequency. For the proposed geometry of PCF and 1 THz 

operating region, the presented PCF exhibits 0.001 cm-1 confinement loss in x-pol mode 

and 0.0021 cm-1 in y-pol mode. Extension of core diameter increases the volume of 

Topas at fixed core porosity that facilitates the most interaction with the light intensity-

consequently EML is augmented which can also be seen in Figures 6.3 (a) and (b). Note 

that a large core size helps to reduce the confinement loss because it assists to pass more 

light inside the core section.  

Figure 6.4 depicts the scenario of total loss with respect to frequency for both x and y 

polarization mode. At optimum design parameters (see section 6.2) including operating 

frequency of 1 THz and core porosity 80%, the obtained total loss for x polarization is 

0.0152 cm-1 and for y polarization, 0.0214 cm-1. For calculating the total loss here, we 

considered EML and confinement loss. For a porous core fiber, bending loss is 

generally a negligible factor if we maintain a moderate bending radius.  

From Figures  6.5 (a) and (b), it is observed that the effective area for both polarizations 

is decreasing with the incremental value of frequency. This can be attributed to 

confinement of light through the core region with increase in frequency, thus reducing 

the effective area of the fiber. An opposite scenario is observed when the core diameter 

is increased. A small core radius is used to penetrate the light pulse towards the cladding 

that extends the effective area. For the optimal design parameters with 80% core 
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porosity at 1 THz, the effective area of 3.6 × 10-7 m2 and 2.9 × 10-7m2 are achieved in 

x-pol and y-pol, respectively.  

 

Figures 6.5(a) and (b) also depict the core power fraction proficiency increasing in an 

upward manner with the change of frequency which is a desirable characteristic of an 

effective PCF. It is expected since higher frequency assists the light beam compression, 

consequently more power propagates through the core area that boosts the core power 

fraction. It is noticeable that x-polarized mode exhibits lower core power fraction than 

the y-polarized mode. It could be explained by the fact that the majority of the light is 

propagated through the core air holes in the y-polarized mode. These figures also 

demonstrate the behavior of core power fraction for various core sizes with the gradual 

change of frequency. It is observed that increasing core diameter improves the core 

power fraction, which is expected for if core diameter is increased, the light pulse will 

be confined nearly in the core region that helps to enhance the core power.  

 

Figure 6.6 shows the dispersion characteristics in both polarizations with the frequency 

range of 0.7 THz to 2 THz.   It is seen that proposed PCF geometry offers greatly 

flattened waveguide dispersion in the tested frequency range. For the optimal design 

parameters, this PCF reveals a waveguide dispersion of 0.396 ± 0.020 ps/THz/cm in x-

polarization mode and 0.512 ± 0.065ps/THz/cm in y-polarization, superior to those 

reported in literature [6, 26-29].  

 

In Figure 6.7, the variation of Birefringence is demonstrated for the optimal design 

conditions with the change of frequency. With the incremental change of frequency, 

the refractive mode index changes between x and y polarized modes are increased. 

After a certain frequency, the refractive mode index changes responded in a 

decremented manner due to the tight confinement at higher frequency.  It is noticed that 

a significant refractive index difference is attained due to asymmetric PCF structure 

development. A superior birefringence of 12.6 × 10-3 is gained by the proposed PCF. 

 

It is noticed from Figure 6.8 that the value of V is increasing linearly with the increasing 

frequency. In optimum design parameter, this presented PCF structure shows the  
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(a) 

 

(b) 

Figure 6.5: Change of  effective mode area and core power fraction in x and y 

polarization mode with frequency at different core diameters. 
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Figure 6.6: Behavior of waveguide dispersion in  x and y polarization mode with respect 

to frequency for variouis core diameters.
 

 
 

Figure 6.7: Birefringence with respect to frequency at optimum design conditions. 
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Figure 6.8: V-parameter as a function of frequency for different core sizes. 
 

 

Figure 6.9: Polarization mode dispersion as a function of frequency at optimum design 

conditions. 
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maximum value of V is 2.23 at the highest frequency of 2 THz, which satisfies the 

requirements of single mode operation. From the achieved value, it is clear that our 

proposed waveguide is able to operate in single mode condition in the frequency range 

of (0.7 - 2) THz. 

 
 

Higher value of delay between the velocities of light in two orthogonal modes of fiber 

degrades the performance of a PCF. For attainting better accuracy of a PCF, PMD 

should be minimum. The response of the PMD in terms of group delay for the proposed 

PCF is shown in Figure 4. It is noticed that the proposed PCF renders very small PMD 

over a wide range of frequency 0.7 to 2 THz. At optimum operating frequency of 1THz 

it gives very low PMD of 30.33 (µs/m).  

 

6.2.2.2 Sensing Properties 

One purpose of this paper is to present a PCF that in addition to providing effective 

THz wave transmission can be used to sense air pollutants and a number of damaging 

liquid analytes. As for the air pollutants, cyanide (RI = 1.45), dioxin (RI = 1.656), 

nitrogen oxide (1.449), and hydrogen sulfide (RI =1.3682) are considered. Liquid 

chemicals such as cholesterol (1.525), methanol (1.33), ethanol (1.36), and benzene (RI 

= 1.501) are studied. For this purpose, first the interaction of light intensity with the 

liquid analytes and evanescent samples are investigated for the proposed PCF, and 

shown in Figures 6.10 and 6.11 for different polarization modes. It is noted that the 

light intensity has strongly interacted with the analytes, while demonstrating negligible 

interaction of in the cladding region. The findings are indicative of improved sensitivity 

for the PCF. 

Further, the potential of liquid chemicals detection of the proposed PCF in THz 

frequency range is illustrated in Figure 6.12 for x and y polarization modes. Sensitivity 

is directly related to the refractive index of the analytes and this is also theoretically 

true as per (3.26). As seen in Figure 6.12, this PCF structure provides the highest 

sensitivity for cholesterol and lowest for ethanol among the detected chemicals since 

these carry the utmost and modest refractive index respectively. Sensitivity is also  
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x-polarization y-polarization x-polarization y-polarization 

(a) 
(b) 

    
x-polarization y-polarization x-polarization y-polarization 

(c) (d) 

 
3  

Figure 6.10: Light and liquid analytes interaction in x and y polarization modes: (a) 

Benzene, (b) Cholesterol, (c) Ethanol and (d) Methanol. 

 

 

    
x-polarization y-polarization x-polarization y-polarization 

(a) 
(b) 

    
x-polarization y-polarization x-polarization y-polarization 

 

(c) (d) 

 

Figure 6.11: Light and air pollutants interaction in x and y polarization modes: (a) 

Cyanide (b) Dioxin (c) Nitrogen Dioxide and (d) Hydrogen Sulfide. 
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related to the working frequency. As the frequency is increased, light beam 

compression and narrowly confined within the core with a higher light intensity boosts 

the interaction of light and liquid sample, thus enhancing the sensitivity. With the 

incremental changes in frequency, the sensitivity increases till a certain frequency. Due 

to a higher frequency, the light pulse is more compactly confined in the core region and 

strongly interacted with the applied analyte that enhancing the core power fraction. 

Additionally, the refractive mode index also increases with the frequency as a result of 

sensitivity increase.  For optimum design parameters, at 2.5 THz the proposed PCF 

gives superior performance in terms of sensitivity and losses. At this specified 

frequency the applied analytes have strong absorbance potential [139]. At 2.5 THz 

frequency the proposed PCF renders in x-polarization 90.4 % sensitivity for cholesterol, 

90.3 % for benzene, 90.1 % for ethanol and 89.9 % for methanol and 90 % for 

cholesterol, 89.8 % for benzene, 88.1 % for ethanol and 87.5 % for methanol in y-

polarization mode. 

 

Air pollutants detection capability of the PCF is demonstrated in Figure 6.13. The 

highest sensitivity achieved is 91.1 % and 90 % is in x and y polarization modes for 

dioxin since it’s refractive index is higher than the other air pollutants. Besides, this 

PCF is exceptionally performed in sodium cyanide, nitrogen dioxide and hydrogen 

sufide detection. 90.2 % in x-pol and 89.3 % in y-pol modes for Cyanide, 90.2 % in x-

pol and 89.2 % in y-pol modes for Nitrogen dioxide, 90.1 % in x-pol and 88.2 % in y-

pol modes for hydrogen sulfide are attained by this designed PCF structure at the 

optimum geometric condition.  

 

Strut size has a crucial impact on different optical properties like sensitivity. Lower 

strut size assists to improve the sensitivity by reducing the light materials interaction 

area. On the other hand, lower strut size may cause fabrication complexity. Keeping 

this in mind, we have selected a moderate strut size of 7.5 µm as optimum. Since R. T. 

Bise et al. has already fabricated PCF with 6.5 µm strut [109], the sensitivity of this  
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(a) 

 

(b) 

Figure 6.12: Sensitivity with respect to frequency for different liquid analytes at 

optimum design conditions for the proposed PCF: (a) x-polarization and (b) y-

polarization. 
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(a)  

 
 (b) 

 

Figure 6.13: Sensitivity with respect to frequency for different air pollutants at optimum 
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design condition for the proposed PCF (a) x-polarization and (b) y-polarization. 

presented PCF at 6.5 µm strut size for all  the detection cases are presented in Figures 

6.14 and 6.15 for x-polarization mode. These figures indicate that lower strut size 

improves the sensitivity, nearly 2% higher sensitivity for all cases because of 1 µm strut 

size reduction.  If existing fabrication processes can tolerate 6.5 μm or less strut size it 

can  be  favorable for performance improvement. In [1] it is claimed that 2 μm strut size 

is tolerable in the existing fabrication platforms for a suspension structured PCF but 

avoiding scattering loss they have considered 6 μm strut throughout the investigation. 

For the same reason as well as considering the durability in practice we have fixed it at 

7.5 μm.  

Because of the strong interaction between light and analytes in the designed PCF, 

significant improvement is achieved to reduce the confinement loss as shown in Figures 

6.16 and 6.17. Higher frequency helps to compact the electromagnetic radiation, thus, 

restricting light leakage beside the core, consequently, confinement loss is minimized. 

Notice that the confinement loss is over a wide studied frequency range of 1-2.5 THz.   

 

Figure 6.14: Sensitivity with respect to frequency for different liquid analtyes for strut 

size of 6.5 µm in x-polarization. 



 

 

136 

 

 

 

Figure 6.15: Sensitivity with respect to frequency for different air pollutants for strut 

size of 6.5 µm in x-polarization. 

 

 

Figure 6.16: Variation of confinement loss with frequency for different liquid analytes 

at optimum design conditions in x-polarization and y-polarization. 
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Figure 6.17: Variation of Confinement loss with frequency for different air pollutants 

at optimum design conditions in x-polarization and y-polarization. 

The reduction in confinement loss is highly comparable with previously presented PCF 

structures [1-2, 22, 31, 33, 43-45]. At selected geometric condition and working 

frequency of 2.5 THz, the lowest confinement losses of (10−13~10−16) cm-1 are observed 

for x-polarization and y-polarization in liquid substances detection cases. On the 

contrary, negligible confinement loss of (10−14~10−16) cm-1 in x-polarization and 

(10−13~10−15) cm-11 in y-polarization are also noticed for the identification of air toxics. 

 

Light intensity absorption by the background material is presented in Figures 6.18 and 

6.19 with frequency for different analytes in x and y polarization modes at optimum 

design conditions. For a porous core fiber, EML is directly related to frequency. 

Increase of frequency improves the compactness of light intensity that creates high 

interaction environment onto the light and Topas inside the core. Strong light material 

interaction causes the EML to change in an upward manner as evident in the figures. 

The proposed PCF performs in a superior manner with an ultra-low EML throughout 
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the detection. For the case of liquid chemicals, the lowest EML achieved is 0.016 ± 

0.0015 cm-1 in x-polarization and 0.0205 ± 0.0025 cm-1 in y polarization  modes. 

Similarly, for evanescent analytes (air pollutants) the lowest EML achieved is 0.015 ± 

0.001 cm-1 in x mode and 0.02 ± 0.001 in y mode polarizations. These results are quite 

similar to those reported in the PCF literature [1, 44-45]. 

Light matter interaction area also related to the frequency and which is clearly 

demonstrated in Figures 6.20 and 6.21 for various liquids analytes and in evanescent 

analytes. These figures exhibit that the calculative area gradually decreases with 

increasing frequency due to close confinement of light at a higher frequency. At 

optimum design conditions, a moderate effective area is achieved, nearly 4 × 10-8 m2 in 

both polarization modes for all the cases. 

To enhance the sensing capability, polarization preserving property is very important 

that can be ensured by observing the birefringence profile of proposed PCF. Higher 

birefringence helps to compensate the PMD as well as propagation loss. Effective 

refractive index differences between the orthogonal polarization modes indicate the 

level of birefringence. It can be boosted up by asymmetrical arrangement in the core 

and cladding. In this context, an asymmetrical core-cladding structured PCF is 

considered.  

Birefringence profiles of both type analytes sensing cases are presented in Figures 6.22 

and 6.23 with respect to the frequency at optimum design conditions. It is observed that 

birefringence declines very slowly with the augmentation of frequency. Although 

because of the strong interaction between light pulse and analytes at a higher frequency 

the birefringence decreased slightly, a significant birefringence is noticed within the 

operating range for all the tested cases. The achieved birefringence by this structure is 

also comparable with recently design PCF for similar applications [22, 31]. 
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Figure 6.18: EML with respect to frequency for different liquid analytes at optimum 

design condition in x-polarization (top) and y-polarization modes (bottom). 

 

 

Figure 6.19: EML with respect to frequency for different air toxics at optimum design 

condition in x-polarization (top) and y-polarization (bottom) modes. 
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Figure 6.20: Effective Area for different liquid analytes as a function of frequency at 

optimum design condition in x-polarization (top) and y-polarization (bottom). 

 

Figure 6.21: Effective Area for different air toxics as a function frequency at optimum 

design condition in x-polarization (top) and y-polarization (bottom). 
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Figure 6.22:  Birefringence profile of proposed PCF at optimum design condition for 

different liquid analytes as a function of frequency.  

 

Figure 6.23:  Birefringence profile of proposed PCF at optimum design condition for 

different air pollutants as a function of frequency. 
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Table 6.2: Comparison with previously proposed works in PCF for THz wave 

transmission  

Ref. f 

THz
 EML 

(cm-1) 

β2 

ps/THz/cm
 

Geometry 

Core Cladding  

[6]
 

1
 

0.038
 

± 0.38 Circular Quasi 

[26] 1 0.056 
± 0.10 (x) 

± 0.18 (y) 
Elliptical Kagome 

[27] 0.6 0.066 ± 0.60 Hexagonal Hexahedron 

[28] 1.5 0.095 - Hexagonal Honeycomb 

[29] 1.3 0.03 
±0.01(x) 

0.120(y) 
Elliptical Hexagonal 

This 

PCF 
1 

0.013(x) 

0.020(y) 

±0.020 (x) 

±0.065 (y) 

Hexagonal Sectored 

 

Table 6.3: Comparison with previously proposed works for substance detection. 

Ref. Sensitivity (%)
 

Targeted Substances Lc 

 

αeff 

cm-1 

 

[22] 

 

83.4 H20 4.5 × 10−9 cm-1 - 

 83.1 C6H6 1.7 × 10−9 cm-1 

82.6 C2H5OH 1.02×10−9 cm-1 

[43] 48.26 Gas 1.26× 10-5 dB/m - 

[1] 85.8 CN 1.62 × 10-9 cm-1 0.023 

[31] 63.5 H2SO4 1.42 ×10-17 dB/km - 

 

[44] 

76.44 C2H5OH 2.33 × 10-3 dB/m  

0.023 77.16 C6H6 3.07 × 10-6 dB/m 

73.20 H20 2.84 × 10-2 dB/m 

 

[45] 

79.8 C17H21NO4 3.108× 10-13 cm-1 0.003 

80.3 C9H13N 2.583× 10-13 cm-1 0.003 

82 C13H16ClNO 2.5801× 10-15 cm-1 0.098 

[2] 73.78 C2H5OH 10-8 dB/m - 

 

 

 

 

This 

PCF 

90.2 ± 0.2 

(x-polarization) 

88.5 ± 1.5 

(y-polarization) 

C27H46O 

C6H6 

C2H5OH 

CH3OH 

(10−13~10−16) cm-1 

(x & y polarization 

modes) 

 

 

0.014 - 

0.022 

90.6 ± 0.5 

(x-polarization) 

89 ± 1 

(y-polarization) 

C4H4O2 

NaCN, NO2, H2S 

(10−14~10−16) cm-1 

 (x-polarization) 

(10−13~10−15) cm-1 

 (y-polarization) 

 

 

 

0.014 - 

0.021 
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Table 6.4: Comparison of sensitivity between the proposed PCF and that of [140]. 

 

Refractive Index of 

applied analytes 

Highest Sensitivity (%) 

Proposed PCF [134] 

1.562 99.9853 99.56 

1.518 99.7546 99.60 

1.45 99.9736 99.14 

1.366 98.8210 98.36 

1.33 98.0505 97.93 

1.26 97.7765 97.4 

 

Table 6.2 and Table 6.3 present a comparison with existing PCF literature for the case 

of THz wave propagation and the detection of substances.  It is seen that this proposed 

PCF improves all the essential optical properties in both cases. 

Recently, hexagonal core structured PCF with porous core and sectored-cladding has 

been reported [24]. But the core-cladding structure of the presented PCF and [24] is 

different only both the cores are hexagonal in shape. The core-cladding hole’s size, 

position, and shape are totally dissimilar. The objective of our presented work is to 

propose a PCF structure that can be used for long-distance THz wave guidance as well 

as for unknown analyte identification cases. The present paper provides an extensive 

analysis of sensing performance for a number of liquid and gas analytes, as well as for 

THz wave guidance indicating a wider range of applications. In contrast, the work [24] 

evaluated the optical properties only for THz wave guidance.  Additionally, our 

proposed PCF shows lower EML than the mentioned work.  The achieved EML in [24] 

is 0.026 cm-1 and 0.028 cm-1 for TM and TE mode, respectively; on the other hand, our 

proposed PCF attains 0.013 cm-1 & 0.020 cm-1 for x and y polarization modes 

accordingly. Note that EML is the main limiting factor for an optical waveguide in THz 

transmission.  Although there is some similarity between the present work and [140], 

the latter is employed only for sensing applications with different analytes. For fair 

comparison, we have tested sensitivity of the proposed PCF with those in [140]. The 

results are provided in Table 6.4. It is seen that in general the proposed PCF gives better 

sensitivity.    
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We also would like to add that several works employ hexagonal-shaped cores as the 

proposed one [22, 1, 40, 128, 141-142]. However, all the above-mentioned (including 

our proposed one) PCF structures are unique, only the shape of the core is hexagonal. 

Some Authors considered the hollow-core structure for their study while others adopted 

the porous core structure. In the case of a porous core, the air holes' size, shape, and 

positions differ in all the above-mentioned works. Most importantly all the PCF 

structures are constructed with almost unique cladding geometry. It is also mentionable 

that the tested chemicals are different for all the cases. A list of previously developed 

PCFs with the hexagonal-shaped core is given in Table 6.5. Core hole geometry, 

cladding structure, sensitivity and EML of this PCF are also listed in Table 6.5.   

The proposed PCF is constructed with asymmetric sectored cladding and two types of 

air holes in the hexagonal-shaped core, indicating limited design similarity with the 

existing work. It is also seen that apart from the proposed PCF, other PCF structures 

were not tested for both sensing and waveguiding applications. For example, in [22] 

the PCF geometry is designed using rectangular structured air holes in the hexagonal 

core with a Kagome structured cladding, and only liquid analytes are investigated for 

sensing. On the other hand, the present paper provides an extensive analysis of sensing 

performance for a number of liquid and gas analytes, as well as for THz wave guidance 

indicating a wider range of applications. Additionally, our proposed work renders better 

sensitivity than [23]. For example, the highest sensitivity attained in [23] is 85.6% for 

RI = 1.33, in contrast our proposed PCF attained 89.9 % for RI = 1.33 where RI denotes 

refractive index.  It should be mentioned that the proposed PCF renders lower EML 

than the previously proposed hexagonal-shaped core PCFs for THz waveguiding (listed 

in Table 6.5). The present PCF also provides better sensitivity than the previous works 

except [128, 142].  Because of the hollow core structure selection in [128, 142], higher 

sensitivity is obtained. In general, the hollow core PCF shows comparatively higher 

sensitivity than the porous core PCF due to the large interactive area in the core section 

with the absence of the background material. 
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Table 6.5: Comparison of geometry and performance among various hexagonal-shaped 

core PCF 

 

 

6.3 Summary 
 

The objective of this Chapter is to introduce a PCF structure that can be used for long-

distance THz wave guidance as well as for unknown analyte identification cases. In the 

case of long-distance wave guidance, single-mode operation of the PCF is important 

but in hollow-core structured PCF with a core radius of 150µm, it is quite impossible 

to operate in single mode. On the other hand, a lower core radius will reduce the 

sensitivity as well as core infiltration process will be more challenging.  Concerning 

our objectives and considering the above-mentioned facts, the present paper employs a 

porous core PCF, not only for sensing but also for satisfactory THz communication. 

For a fair comparison, we have tested the sensitivity of our proposed PCF using a 

porous as well as a hollow-core structure. It is seen that with a porous core, the 

sensitivity is higher than those of [22, 24], and with a hollow core, a very high 

sensitivity of 99.98 % is achieved which is better than those of [128, 142]. As compared 

Ref.  Geometry Tested for EML (cm-1) 

(for 

waveguiding) 

Sensitivity 

(%) 

(for sensing) 
Core Cladding Waveguidi

ng 

Sensin

g 

[22] Hexagonal shaped 

with rectangular 

holes 

Kagome No Yes - 85.7 

[1] Hexagonal shaped 

with circular holes 

Suspended No Yes - 85.8 

[24] Hexagonal shaped 

with symmetric 

slotted holes 

Rectangul

ar Strips 

Yes No 0.026 ~ 0.028 - 

[141] Hexagonal shaped 

with hexagonal 

shaped holes 

Hexagonal Yes No 0.021 - 

[40] Hexagonal shaped 

with hexagonal 

shaped holes 

Kagome Yes No 0.029 - 

[142] Hexagonal Hollow Hexagonal No Yes - 94.124 

[128] Hexagonal Hollow Hexagonal No Yes - 99 

This  

Work 

Hexagonal shaped 

with asymmetric 

holes 

Sectored Yes Yes 0.013 ~ 0.020 91.1  

(porous core) 

99.98  

(hollow core) 
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to existing works, superior performance in terms of low losses, flattened waveguide 

dispersion, high core power fraction, and large effective area have been obtained in 

THz wave propagation. For the liquid chemical and air pollutant analytes, a number of 

improvements have been demonstrated that include negligible confinement loss, ultra-

low EML, and moderate effective area, as compared to several recently reported results. 

Overall, the designed PCF has a good degree of potential for diverse applications in the 

THz domain including wave transmission and sensing of different harmful substances. 

 

Apart from the PCF’s geometry development, practical implementation is a challenging 

task. In the context of current developments in fabrications, suggestions have been 

provided regarding the potential for fabricating the proposed PCFs in Chapter 7. 
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Chapter 7 

 

Fabrication Potential of PCF and Experimental 

Setup 

 

7.1 Introduction 
 

Besides geometry selection and evaluation of optical properties, fabrication potential 

of a PCF structure is an important concern for PCF development. Some existing 

fabrication techniques and their fabrication process will be discussed in this Chapter. 

In addition, scopes of fabricating the proposed designs will be described briefly 

considering the present fabrication technologies for the PCF structures introduced.   

7.2 Different fabrication techniques 

At the initial stage, stack and draw was the most successful technique for PCF 

fabrication [143-144]. Presently, several advanced fabrication techniques such as sol-

gel [109], capillary stacking [145], drilling [146], extrusion[147-148], and 3D printing 

[110, 149-150] have been developed for manufacturing the symmetrical or 

asymmetrical structured PCF. Among these techniques some are not suitable for 

asymmetrical geometry and some others well suited for any structural conditions. Some 

of the existing fabrication techniques are discussed in the following sections. 

7.2.1 Stack and draw 

Stack and draw is one of the most favorable fabrication process for fabricating a PCF 

structure. Four simple steps need to follow to construct the PCF geometry [143]. The 

first step of this process is to construct the capillaries as per the design. The next step 

of this process is called preform making. It is basically, stacking process of capillaries. 

The capillaries are stacked to make a preform as per the PCF design. After that the 

preform stack needs to be inserted in a glass tube. By fusing in the drawing process a 

microstructured preform or cane can be obtained. The final step of the fabrication 
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process is the cane drawing into the fiber including desired dimension fixing, cladding 

pitch, outer fiber diameter, etc. Air holes size and their regularities can be controlled by 

applying air pressure inside the preform. Temperature, preform feed rate, as well as 

drawing speed can be tuned in this fabrication process [151]. Fabrication steps of stack 

and draw process are displayed in Figure 7.1.  Porous core and hollow core PCF 

fabrication process are almost similar but in case of hollow core only some capillaries 

are omitted from the center of the PCF [151]. The major drawback of the stack and 

draw process is that this process is labor intensive and quality depends on the craft of 

preform making [151].  

 

 

Figure 7.1 Fabrication process of PCF using stack and draw [151] 

7.2.2 Sol-gel 

Sol-gel fabrication technique was introduced in the Bell labs for fabricating optical fiber 

[153]. This technique has been used for decades for fiber fabrication. Recently it has 
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been used for various glasses and ceramic processing [153,154]. Two steps are involve 

in this technique and the name sol-gel coined from these steps. First step of this process 

is the preparation of solution (sol) which contains small pieces of ion that indicates that 

the mixture is uniform in nanoscale. Gelling (gel) is the second step of this process. In 

this step the solution is solidified. The solution will be poured on the shape of the mold. 

The shape of the mold will be constructed as per the PCF design. It is to be noted that 

this solution has a unique advantage is that the solution is homogeneous with multi-

components.  This method provides the facility to control the homogeneity, the 

composition and high concentration of dopants [155]. Another advantages of this 

method is that the gelling process takes place through the chemical reaction at room 

temperature and this process does not require high temperature like other methods 

[155].  

 

7.2.3 Extrusion  

Extrusion is one of the superior techniques for complex PCF geometries fabrication. In 

this process the PCF can be produced by a single step, where the fiber can be drawn 

directly from the bulk glass. Extrusion technique allows to produce any shape (complex 

or simplex) if a die is present. Still, there is an issue, selective doping of rare-earth ions 

is a complex task [156]. In the case of silica, this technique will not be suitable because 

no such die materials exist that can bear up the operating temperature during processing 

without contaminating the glass. The extrusion technique is well suited for several 

materials at comparatively low softening temperature such as compound silica glasses 

[157], soft glasses (including sulfur hexafluoride (SF6) [158], lead silicate (SF57) [159, 

160], chalcogenides [161] and tellurites [162]) and polymers [163]. Extrusion technique 

already proved the potentiality for fabricating different structures by using all the 

above-mentioned materials. In some cases, during the thermal process due to the 

formation of crystals, it may enhance the fiber losses. 

7.2.4 3D printing  

Only two simple steps are involved in this technique.  A digital file needs to be prepared 

first as per the design, the design is then printed by a 3D printer. The printing is done 
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layer by layer to produce a 3D structure, preform, using powdered metal or plastic 

material [164]. It shows excellent performance for fabricating PCF because only single 

material is used in the PCF structure. 3D printer also able to fabricate two material 

devices by using dual head 3D printer [165]. The most advantageous part of this 

technique is that any arbitrary design can be fabricated with high accuracy.  

 

7.2.5 Mechanical drilling  

 

This technique is performed by the direct drilling of the material. A large range of 

geometry specially symmetrical holes with geometric shape PCF fabrication, 

mechanical drilling is a well stablished fabrication technique. This technique allows a 

broad range of materials such as chalcogenides glasses, soft-glass [166] and polymer 

[162], as well as whose hardness is not as high as silica glass [167]. Extra care needs to 

be taken for controlling the drilling device [167]. Using this technique, it would be 

difficult to handle when the structure will be constructed with very low strut size, it also 

introduced roughness at the surface [168].    

Selection of fabrication process is not only related to the geometry of PCF, but also 

dependent on the materials. Thus, some knowledge regarding the properties of different 

useable materials is a requirement. Some possible materials for PCF development are 

discussed briefly in the next section.   

7.3 Background materials for fabrication of PCF 

Compared to silica glass, polymer materials offer several advantages such as lower 

manufacturing cost, high mechanical strength and higher chemical elasticity. Recently 

developed polymer like Topas or Zeonex offers minimum losses. Polymer materials 

can be used for various important and necessary application areas such as THz 

propagation, bio-sensing, and optical-imaging, etc. Various polymer materials 

including materials for our proposed PCFs are discussed here.  

 

PMMA: Polymethylmethacrylate (PMMA) was first introduced by the British chemists 

Rowland Hill and John Crawford in the early 1930s at Imperial Chemical Industries 
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(ICI) in England. PMMA is a lightweight and shatter-resistant clear thermoplastic 

[169]. Organic compound methyl methacrylate (MMA) is the raw material of the 

PMMA which is made in the form of synthetic polymer. Pure PMMA is basically a 

brittle material. Thus, it can be useable for optical device devolvement where much 

more mechanical strength is not essential. PMMA also cannot tolerate the toughness 

and scratches.  

TEFLON: Teflon is a synthetic polymer and its chemical name is 

Polytetrafluoroethylene (PTFE). Carbon and fluorine are the two constituting atoms of 

forming Teflon. It has higher chemical resistances but heating at over 300 degrees 

Celsius is injurious for health. Radiation resistance capabilities is very lower and high 

costs than compared to many of similar materials are the limiting factors of Teflon 

[169].  

 
TOPAS: Cyclic Olefin Copolymer (COC) TOPAS is ultra-pure, crystal-clear material 

with a wide range of unique properties. Refractive index of TOPAS considerably 

fluctuates over a large frequency range, well suited for minimum material dispersion 

[119]. Bulk material loss is also lower compared to other polymers. Further it is 

insensitive to environmental aspects such as humidity and water vapor absorption and 

has chemical inertness with special bio-sensing properties. [87-88].  

ZEONEX:  The chemical name of  Zeonex is Cyclo Olefin Polymer (COP) and this is 

the most recently introduced material in the polymer group. Several advantageous 

properties of Zeonex include low water absorption, lower impurities, higher heat 

resistance, low dielectric constant and loss tangent. Furthermore, zeonex offers 

excellent chemical resistance capacity, higher transparency, and low absorption loss. 

The refractive index fluctuations over wide THz frequency is very low that indicates a 

negligible material dispersion is than enhanced in the THz regime [170]. 

Topas, Zeonex, Silica, PMMA, Teflon etc. can be used as background material for PCF 

devices. Among these, Topas and Zeonex have shown lower absorption loss than 

others.  Topas and Zeonex have almost similar glass transition temperature but the 

refractive index of Topas negligibly fluctuates over a wide range of THz spectrum 
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[119]. Moreover, Topas is impervious to environmental effects and has chemical 

idleness with exceptional bio-sensing peculiarity [87-88]. For these reasons, Topas has 

been chosen as background material for the proposed PCFs geometry. 

7.4 Current developments and scopes of PCF fabrication  

Fabrication complexity minimization by proper geometrical setting is a key challenge 

for PCF development. Keeping that in mind, mostly symmetrical, and suspended core 

cladding PCFs are proposed in this research.  It is interesting to note the work of W. 

Talataisong et al. [149] where a novel desktop 3D printing fabrication technique is 

demonstrated and a suspended structured polymer PCF thereby implemented. Their 

fabricated polymer optical fiber is presented in Figure 7.2. Z. Liu et. al. has 

implemented a microstructure fiber using a stack and draw process for sensing 

applications. A hexagonal arrangement of asymmetric circular holes, as well as a 

suspended-structure fiber have also been accomplished [144]. Schematic diagram of 

the stacked preform of their proposed PCF geometry is shown in Figure 7.3.  Complex 

spider wave and rectangular shaped holes have been implemented by S. Atakaramians 

[56], shown in Figure 7.4. Extrusion fabrication technique has been utilized in this case.  

They have successfully implemented these PCF structures with 71% porosity. Besides, 

several complex structures including suspended and hollow core PCF fabrication 

techniques have also been analyzed by A. M. Cubillas et al. [171] for chemical sensing 

and photochemistry.  H. Ebendorff-Heidepriem has presented a 3D printed with 

extrusion dies technique that paves the way of more complex PCF fabrication [110].  

For sensing applications, different PCF structures have been implemented including 

suspended and complex kagome by M. Calcerrada et al. [172]. Suspended, butterfly 

shaped, even twin-core PCF are implemented by M. De et al. [173] and applied for 

sensing applications. 
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Figure 7.2 Fabricated polymer optical fiber [149]. 

 

 

Figure 7.3 Schematic diagram of the stacked preform [144] 
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Figure 7.4: The extruded preform of the spider wave and rectangular shaped holes PCF 

[56] 

 

Figure : 7.5 Schematic diagram of some typical structures of PCFs used in chemical 

sensing [171] 
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Figure : 7.6 Schematic diagram of some typical structures of PCFs used in chemical 

sensing, [110]  

Based on the above discussion, thus, it is apparent that there is a good potential for 

fabricating the proposed PCFs using the currently available well-known fabrication 

processes e.g. stack and draw, 3D printing and extrusion. All our proposed PCFs 

geometry are displayed in Figure 7.7.  Except proposed PCF VIII, all proposed PCFs 

geometry are constructed with suspended cladding and hexagonal, octagonal, circular, 

and square-shaped porous and hollow cores. The stack and draw technique has excellent 

potential for fabricating our proposed PCFs structure. For example, proposed PCF I 

(see Figure 7.7) constructed with four symmetrical capillaries in the cladding and same 

number of capillaries in the core section. Fabrication steps for the proposed PCF I using 

stack and draw technique is shown in Figure 7.8. As per the stack and draw process the 

first step is capillaries preparation. After making solid rod capillary, an ultrasonic mill 

can be used for making holes as per desired shape. There is a small difference in shape 

and size between core and cladding capillaries of our proposed PCF I. After making the 

core and cladding capillaries as per the design these capillaries need to be stacked 

together inside a jacket tube. After inserting the preform stack into a glass tube and 

fusing during the drawing process, one obtains a microstructured preform or "cane". 

The last step of this fabrication process is drawing the cane into fiber as per the design 

with desired dimension. Air holes size and their regularities can be controlled by 

applying air pressure inside the preform. From Figure 7.7 it is seen that our proposed 

others PCFs constructed with almost similar geometry, just two dissimilarities are there. 

Firstly, for all proposed design cases the core-cladding capillaries are not symmetrical. 
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So, different shapes of capillaries are to be prepared for a PCF. Secondly, in the case of 

hollow core fabrication, the fabrication process is almost similar but only some 

capillaries need to omits from the center of the PCF. Thus, it can be pronounced that 

for other proposed designs (II-VII) also can be fabricable using stack and drawing 

technique.  

 

3D printing techniques also can be applicable for our proposed designs. For example 

for the proposed PCF III, as per the 3D printing technique a digital file needs to be 

prepared first as per the design. The schematic view of the proposed design III is shown 

in Figure 7.9. After making the digital file then one just needs to print the design by 3D 

printer.  

 

All our proposed designs constructed with suspended cladding except proposed design 

VIII. But this proposed design will also be suitable for fabricating using stack and draw 

process. The schematic diagram of the fabrication process for the proposed design III 

using stack and draw process are shown in Figure 7.10. The fabrication process is same 

as the previously discussed.   

 

Stack and draw, and 3D printing both techniques have the good potential for fabricating 

the proposed PCF structures. 

 

  

Proposed PCF I Proposed PCF II 
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Proposed PCF III Proposed PCF IV 

  

Proposed PCF V Proposed PCF VI 

  

Proposed PCF VII Proposed PCF VIII 

Figure 7.7: Proposed PCF structures. 
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Figure 7.8: Fabrication processing steps for proposed PCF I using stack and draw technique.  

 

 

Figure 7.9: The schematic view of the proposed design III for using 3D printing 

technique.  

Capilary

Stacking

Cane
Drawing

 

Figure 7.10: Fabrication processing steps for proposed PCF VIII using stack and draw 

technique.  
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7.5 Experimental Setup 

For testing the proposed PCF sensor in practice several additional arrangements are 

required. A possible arrangement for testing the PCF sensor is presented in Figure 7.11. 

First, a supercontinuum light source is required which has a frequency range from 0.6 - 

5.6 THz (all our proposed PCFs are evaluated within this frequency range). For this 

purpose a SuperK compact, NKTPhotonics™ can be utilized [174]. A single-mode-fiber 

(SMF-28) needs to be coupled between the light source and sensor through the polarizer 

(that is accompanied by a polarizer controller) to transport the light to the sensor. A 

splicing method can be used to couple the sensor with SMF-28. Vytran FFS-2000 splicer 

can be utilized for splicing by using the filament fusion technique. Manual-mode 

translational and rotational alignment methods can be used for aligning the PCF and SMF 

[175]. Furthermore, SMF and PCF also can be connected by inserting an etched SMF tip 

into the PCF. As per the current reports, this splicing method has a coupling efficiency 

of more than 80% [176]. Also, free space coupling, fiber-to-fiber coupling, etc. 

techniques can be also utilized for coupling purposes [177-178]. After passing the sensor 

the light needs to pass through an Optical Spectrum Analyzer which analyzes the 

responses of different analytes. Yokokawa™, AQ6370C optical spectrum analyzer can  

Computer

Optical Spectrum analyzer

AQ6370C, Yokokawa

Pump

LSP01_1A

Polarizer

Polarizer

Controller
SMF-28

Light Source

Super K Compact

Sample

Proposed Sensor

Inlet

Outlet

Waste 

Reservoir

 

Figure 7.11: Experimental setup schematic of proposed PCF sensors for practical sensing 

applications. 
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be employed [174]. For injecting the analyte into the sensor, a programmable micro 

injector pump would be required. LongerPump™, LSP01-1A can be considered for this 

purpose [174]. A waste reservoir needs to be connected with an outlet channel where the 

used analyte will be stored. The existence of several unknown analytes causes peak 

shifts. These shifting can be identified by the spectrum analyzer and can be graphically 

exhibited in the computer which will be connected to the output of the spectrum analyzer. 

 

7.6 Summary 

Existing fabrication techniques have a great potential for fabricating simple or complex, 

symmetrical, or asymmetrical structured PCFs. For simple and symmetrical shaped PCF 

fabrication, different fabrication processes are mature enough including capillary 

stacking, stack and draw and sole-gel techniques. For complex and asymmetrical 

structured PCF, the stack and draw, extrusion and 3D printing fabrication techniques can 

be used. Among different materials for PCF, refractive index of TOPAS is considerably 

fluctuated over a large frequency range, and well suited for minimum material dispersion. 

Bulk material loss is also lower compared to other polymers. Further it is insensitive to 

environmental aspects such as humidity and water vapor absorption and has chemical 

inertness with special bio-sensing properties. Zeonex also provides almost similar 

characteristics. Thus, Topas or Zeonox both can be used as a background material 

depending on the availability.  
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Chapter 8 

 

Conclusion  
 

8.1 Conclusion 

 
The key objective of this research is to design and analysis of simple and novel PCF 

geometry, that can only to provide high-quality THz transmission, but also render 

superior sensing of different analytes. 

 

Firstly, for efficient THz waveguiding, three different PCF geometries have been 

developed.  Circular and square shaped core with suspended cladding structured PCF 

with minimum number of air fragments are proposed, which increasing the air area in 

the core and cladding section. Higher air fraction in the core cladding region helps to 

minimize the effective material loss, as well as waveguide dispersion fluctuations. The 

presented PCFs have been shown to give an impressive low EML of (0.013-0.0153) 

cm-1 and very flat dispersion variation of (±0.010 to ±0.05) ps/THz/cm at 1 THz 

operating frequency.  Moreover, the other wave guiding properties for THz wave 

propagation including confinement loss, core power fraction, effective area, bending 

loss of the proposed PCFs have revealed superior performance as compared to several 

recent designs reported in the literature. Mode test results of the proposed PCFs have 

shown single mode characteristics which indicate that the proposed PCF’s are suitable 

for long distance communication in the THz regime.  

 

Secondly, three hollow core and suspended cladding PCF have been proposed for 

different analyte sensing, several harmful and well-known liquid chemicals, biological 

components, and air pollutants.  The various geometrical parameters of the PCFs have 

been optimized and the optical properties of tuned PCF structure numerically 

investigated for sensing purposes. Significant improvements have been noticed in 

different test cases. The proposed alcohol sensor exhibits almost 90% sensitivity and 

ultra-low confinement loss of 10-14 cm-1. The proposed cholesterol sensor renders a 
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very high sensitivity 98.75% at 2.2 THz. Moreover, a very negligible confinement loss 

of   3.14 × 10-20 cm-1 and very low effective material loss of 0.0008 cm-1 have been 

found for the proposed PCF in case of cholesterol detection. The proposed blood 

components PCF sensor demonstrates a sensitivity of 99.18 % for RBCs, 99.02 % for 

hemoglobin, 98.81 % for WBCs, 98.68 % for plasma, and 98.35 % for water in the 4.5 

THz operating region. Alongside, negligible confinement losses, 10-16±1 dB/cm have 

been obtained for all the studied components of blood. In the case of albumin detection 

in urine, the proposed PCF geometry has been investigated for different levels of 

albumin concentration and the sensing performances of proposed PCF has been shown 

to give more than 98.5% sensitivity with a low confinement loss of 10-16 cm-1 at 4.3 

THz operating conditions for all the tested cases. 

 

Finally, a PCF structure has been developed for both waveguiding and analytes sensing 

in the THz regime. The presented PCF structure exhibits notable advancement in all the 

experimented cases due to strategic selection of geometrical parameters and proper 

optimization.  It can provide a sensitivity of (90 ± 1) % for detecting substances in 

liquid and evanescent at 2.5 THz operating point, and give an ultra-low effective 

material loss of 0.013 cm-1 and 0.020 cm-1 in x and y polarization mode, respectively 

in the THz regime for the operating frequency of 1 THz. Additionally, the developed 

PCF has been shown to have a very low confinement loss and large effective area.  

 

Overall, the study of optical properties for both THz waveguiding and sensing cases 

indicates that proposed PCFs have good potential for diverse applications. Practical 

implementation potential in the existing manufacturing technologies has been also 

discussed in detail. 

 

8.2 Limitations and future scopes 

In this research we have designed several PCF structures and analyzed the optical 

properties of PCFs for THz wave transmission and for different analytes sensing.  A 

superior performance has been achieved for all the tested cases due to strategic 
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geometrical parameters selection and proper optimization than the existing works. Still 

there is ample scope to develop new PCF structure for several necessary analyte 

detection cases. Practical implementation feasibility study needs to be addressed 

strongly using current fabrication techniques. Due to the absence of necessary resources 

in the laboratory a prototype development and performance evaluation of the proposed 

PCFs in practical has been not addressed in this research. A comparative analysis with 

the practical data after developing a practical setup in the lab should be explored in 

future.  

In addition, when the refractive index changes are very small, the PCF sensor responses 

with almost similar result. Thus, it can give rise a problem for accurate detection when 

refractive index changes are very close among different analytes. Surface Plasmon 

Resonance (SPR) based sensor, small changes in RI results renders noticeable changes 

in outputs [179-180]. Resonance wavelength and peak confinement loss are very 

sensitive to RI of the analytes in the SPR-PCF platform [179-180].  As a result, a slight 

change in RI of the analytes forces to the resonance wavelength to shift right or left and 

the peak of the confinement loss to higher or lower level [179-180]. Thus, it could be 

easier to identify the unknown analyte with very tiny changes of RI in SPR platform. 

Therefore, SPR based PCF sensor development and analysis for identification of 

different analytes can be a potential research area. 
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