Investigation on Wearable Antennas
for

Body Area Network

Thesis submitted to Jawaharlal Nehru University
for the partial fulfilment of the requirements for the award of

Doctor of Philosophy
By
Hari Singh
Under the Supervision of

Prof Binod Kumar Kanaujia

9

&>

School of Computational and Integrative Sciences
Jawaharlal Nehru University
New Delhi, India
March-2022



SIATEIclIl aige [aeaidener

. Jawaharlal Nehru University
School of Computational and Integrative Sciences
T8 feoofi—110067, HIRA / New Delhi-110067, INDIA

Tel.: +91-011-26704171, 26704082

CERTIFICATE

This is to certify that the research work embodied in the thesis entitled
“Investigation on Wearable Antennas for Body Area Network” is the original work
of the candidate for the partial fulfilment of the requirements for the award of the degree
of Doctor of Philosophy in Electronics and Communication and has been carried out
at School of Computational and Integrative Sciences, Jawaharlal Nehru University,
New Delhi, India.

This work has not been submitted so far, in part or full, for the award of any

degree or diploma from any University.

X\W

Hari Singh

(Candidate)

School of Computational and Integrative Sciences
Jawaharlal Nehru University

New Delhi, India

> CoawZ o I 2
JL"Z‘Z;{}. Ao :}\0"\\7”0
. =) et P2 .
Prof. Binod Kumar Kanaujia Dr Ashwani Kumar
(Supervisor) (Co-Supervisor)
School of Computational and Integrative Sciences School of Engineering
Jawaharlal Nehru University Jawaharlal Nehru University
New Delhi, India. New Delhi, India

04,2022

Prof. Mukesh Jain

(Dean)

School of Computational and Integrative Sciences
Jawaharlal Nehru University

New Delhi, India.



Dedicated to Almighty and My Family



ACKNOWLEDGEMENT

First and foremost, praises and thanks to the ALMIGHTY, for showering his
choicest blessings and for being my inner strength and guide throughout my research
work. | pray that the growth I have achieved would be used in his service.

One of the joys of completion is to look over the journey past and remember all
those who have inspired, encouraged and supported me along this long but fulfilling
road. My research thesis would not have been materialized if there had not been the
contribution of the following individuals. | take this opportunity to acknowledge the
assistance and support of the many people who contributed to the completion of this
work.

| would like to express my sincere gratitude and profound reverences to my
supervisor Prof Binod Kumar Kanaujia, for his continuous support, guidance and
wholehearted supervision throughout the progress of this research work. I am deeply
grateful to him for acquainting me with the world of advanced research. He has been a
great mentor with his enthusiasm, determination and patience. He has been instrumental
in providing me with timely support in difficult times. Without his inspiration and
encouragement, this work would have never been completed. He shared with me not
only his expertise but also his exceptional professionalism. Throughout my life, I will
be benefitted from the knowledge and experience | acquired working with him.

| wish to extend my deep gratitude to my co-supervisor Dr Ashwani Kumar,
School of Engineering, Jawaharlal Nehru University, for his consistent guidance and
support throughout my academic life. He is the torchbearer who created interest in me
for this field during my post-graduation. His conscientious academic spirit and open-
minded personality inspire me both in academic study and daily life.

I am truly indebted to Prof Shandar Ahmad and Prof Kedar Singh, my research
advisory committee (RAC) members, for their constant support and guidance at various
stages of my research. They have always encouraged my research efforts and provided
me with insight and directions right up to the end. I sincerely thank them for their

valuable time and assistance.

Vil



My heartfelt gratitude is also extended to Prof Andrew M. Lynn, Former Dean,
School of Computational and Integrative Sciences (SCIS), Jawaharlal Nehru
University, for his kind help and support during the initial phase of my research. He
always supported and guided me starting from my enrolment to the completion of the
Course Work. I sincerely thank him for his invaluable support and encouragement.

I would like to sincerely thank the eminent faculty members of the School of
Computational and Integrative Sciences (SCIS), Jawaharlal Nehru University, Prof
Indira Ghosh (Emeritus), Dr Gajendra Pratap Singh, Dr Rita Sharma and Dr Sapna
Ratan Shah for the knowledge and support I received from all of them during my
Course Work. | find myself fortunate enough to be associated with such renowned and
distinguished persons from different fields. | express my sincere gratitude to all of them
for being available for me always, despite their busy schedules.

| would like to give a heartfelt thanks to Dr Kunal Srivastava, for his thorough
support and help. He was the one who not only inspired me to begin my research
exploration but also guided and supported me during my entire journey. | sincerely
thank him for giving his valuable time and assistance and being so supportive,
understanding and generous in sharing his knowledge of Antenna Technology. | will
always be grateful to him for his much-appreciated efforts in the review and correction
of my research papers throughout my research work.

My heartfelt thanks are also extended to Dr Sachin Kumar, SRM Institute of
Science and Technology, Chennai, for his kind support and guidance throughout my
research work. He not only posed very thought-provoking questions about my work but
also provided me with constructive feedback. I appreciate his willingness to review and
correct my research papers and make this thesis possible. For this, I cannot thank him
enough. | am forever grateful.

I would like to acknowledge and appreciate the contribution of Dr Ravi Arya,
National Institute of Technology, Delhi, Dr Maifuz Ali, International Institute of
Information Technology, Naya Raipur and Mr Prashant Chaudhary, Department of
Electronic Science, University of Delhi, South Campus, for their key roles in the group
discussions. They always pointed out critical points in our discussions and encouraged

me to solve the problems.

viii



| also wish to express my sincere appreciation and thanks to Dr Satya Kesh
Dubey, Senior Scientist and Mr Asheesh Kumar from the Council of Scientific and
Industrial Research-National Physical Laboratory, New Delhi, India, for helping me in
doing characterization of textile materials. My exploration of fully-textile antennas
would not have begun without their support.

I would like to extend my heartfelt thanks to my fellow lab mate Mr Vikrant
Kain, for his thorough support and help. I also thank my fellow lab mates, learned
colleagues and friends associated with Prof Binod Kumar Kanaujia for their support
and encouragement.

Thanks are also extended to the School of Computational and Integrative
Sciences, Jawaharlal Nehru University and its staff members for providing me with the
research laboratory to carry out my research work. My heartfelt thanks are also
extended to Mr Ashish Bharti, for the co-operation and administrative support
provided by him throughout my research work.

| am also indebted to Dr P. Hemlatha Reddy and Prof C Sheela Reddy, the
former and current principals of Sri Venkateswara College, University of Delhi for
allowing me to pursue my research work along with teaching. | am deeply grateful for
their thorough encouragement and support.

I will be simply failing to express myself if I do not mention the names of my
senior colleagues Dr Neeru Kumar and Dr Nutan Joshi from Sri Venkateswara
College, University of Delhi. They both were always there to inspire and encourage me
to begin my research exploration. My heartfelt thanks are also due to Dr Sunita Jain,
for her motherly care and support. She has always been there to encourage and motivate
me to achieve this goal. | express my sincere thanks to Dr J Lalita who has always
given her best to shape my academic and interpersonal skills ever since my post-
graduation. | extend my sincere thanks and heartfelt gratitude to all of them.

I would also like to sincerely thank the eminent faculty members of the Sri
Venkateswara Collge, University of Delhi, Dr Mukul Sharma, Dr Chandra Mohan
Singh Rawat and Prof Sanjay Kumar. They were always concerned about my research
work and kept motivating and encouraging me from time to time.

I am also thankful to my colleague Dr Swati Sharma for the honest opinion and

advice she gave at the beginning of my research work. I also thank my other co-workers



Ms Shubhra Gupta and Dr Rakhi Narang for their supportive association. My sincere
thanks are also extended to the technical staff of Department of Electronics, Sri
Venkateswara College, University of Delhi, Ms K Sri Lakshmi, Mr G Krishna Murthy,
Mr P Narasimha Rao, Mr Reji Joseph and Ms Jayamma, for their concern and wishes
throughout my research work. | would also like to thank my all-old and present students
for their faith, respect and love.

My heartfelt thanks and gratitude are also due to my invaluable mentor Mr Ved
Prakash Sharma, for his constant support and encouragement for the past more than
two decades. He has always inspired and guided me in all personal and professional
endeavours. He has always been keener than me to see me as a Doctor of Philosophy.

A special note of thanks goes to my family members. | am short of words to
express how grateful I am to my parents. They have always shown unconditional faith
and trust in me. My special thanks to my lovely sister, Hem Lata, younger brother,
Vijender Kumar, and his wife, Sangeeta Solanki, for all the care and support | received
from all of them. I am equally grateful to my parents-in-law for their concern, consistent
encouragement and moral support throughout my research work. My thanks are also
due to my brother-in-law, Rahul Verma, for all the technical support he provided me
for completing this research work.

My heartfelt thanks and love goes to my two years old niece Mohana. She has
been the apple of my eyes and endowed me with endless power and spirit to accomplish
my goals. She acted as my bundle of joy and happiness ever since her birth. She has
been a true stress buster even in the lockdowns imposed by authorities due to the
prevailing Covid19 pandemic. | humbly pray to Almighty to always shower his choicest
blessings over her.

Finally, as a special remark, | would like to express my heartfelt and warmest
appreciation to my tender and considerate wife, Dr Neha Verma. She has been the true
pillar of my success who always stood by me in all difficulties. She has been an
incredible support during this period and she believed in me unconditionally. Without
her support and sacrifices, this work would not have been possible. | would like to
thank her for being with me patiently throughout this period with love and

understanding.



| feel truly indebted to all those, whose names remain unmentioned but who

have never retraced back from helping whenever the need arose.

Hari Singh
New Delhi, India
April 2022

Xi






LIST OF PUBLICATIONS

1. H. Singh, K. Srivastava, S. Kumar, and B. K. Kanaujia, “A Planar Dual-Band
Antenna for ISM/Wearable Applications,” Wirel. Pers. Commun., vol. 118, no. 1, pp.
631-646, 2021, doi: 10.1007/s11277-020-08036-0.

2. H. Singh, B. K. Kanaujia, A. Kumar, K. Srivastava, and S. Kumar, “Dual-resonance

ultra-miniaturised textile antenna for ISM/wearable applications,” Int. J. Electron., pp.

1-21, 2021, doi: 10.1080/00207217.2021.2001870.

3. H. Singh, B. K. Kanaujia, S. Kumar, and K. Srivastava, “A Compact Wideband
Flexible Antenna for Wireless Medical Telemetry Services,” Wirel. Pers. Commun.,

no. 0123456789, pp. 1-19, 2021, doi: 10.1007/s11277-021-09246-w.

4. H. Singh, B. K. Kanaujia, A. Kumar, K. Srivastava, and S. Kumar, “Wideband textile
multiple-input-multiple-output antenna for industrial, scientific and medical

(ISM)/wearable applications,” Int. J. RF Microw. Comput. Eng., vol. 30, no. 12, pp. 1-
14, 2020, doi: 10.1002/mmce.22451.

5. H. Singh, B. K. Kanaujia, A. Kumar, K. Srivastava, and S. Kumar, “Design and
development of a Dual-Band Dual-Polarization Dual-Sense Textile MIMO Antenna
for WBAN/WLAN/ISM/Wearable Applications,” IEEE Internet of Things Journal

(Communicated)

Xiii






CONTENTS

Acknowledgement vii-xi
List of publications xiii
Contents XV-XIX
List of Figures XXI-XXIX
List of Tables XXXI-XXXii
List of Abbreviation XXXIT-XXXV
Abstract XXXVii-XXXIX
Chapter 1- Introduction
1.1 What is an Antenna?
1.2 Types of Antennas

1.2.1. Wire Antennas

1.2.2. Aperture Antennas

1.2.3. Microstrip Antennas

1.2.4. Array Antennas

1.2.5. Reflector Antennas

1.2.6. Lens Antennas
1.3 Overview of Microstrip Patch Antenna (MPA)
1.4 Feeding Techniques of Microstrip Patch Antenna (MPA)

1.4.1. Microstrip Line Feed

1.4.2. Co-Axial Feed

1.4.3. Proximity Coupling Feed

© 00 00 N N M DM DM P DM W LWWW

1.4.4. Aperture Coupling Feed
1.4.5. Coplanar Waveguide (CPW) Feed

1.5 Properties of Microstrip Patch Antenna (MPA)
1.5.1. Voltage Standing Wave Ratio (VSWR)
1.5.2. Radiation Pattern
1.5.3. Gain
1.5.4. Polarization

1.6 Advantages of Microstrip Patch Antenna (MPA)

i
N P kP Rk O O O

XV



1.7 Disadvantages of Microstrip Patch Antenna (MPA)
1.8 Applications of Microstrip Patch Antenna (MPA)
1.9 Multiple-Input-Multiple-Output (MIMO) Antenna
1.10 Advantages of MIMO
1.11 Disadvantages of MIMO
1.12 Wireless Body Area Network (WBAN)
1.13 Non-Textile and Textile Wearable Antennas for WBAN
1.14 Advantages of Fully-Textile Antenna
1.15 Disadvantages of Fully-Textile Antenna
1.16 Challenges of Designing Wearable Antennas
1.16.1 Bending
1.16.2 Specific Absorption Rate (SAR)
1.16.3 Integration and Placement
1.16.4 Water Absorption
1.17 Applications of Wearable Antennas
1.18 Objective of Thesis
1.19 Methodology
1.19.1. Designing of the Antenna
1.19.2. Simulation of the Antenna
1.19.3. Fabrication of the Antenna
1.19.4. Measurement of the Antenna

1.20 Organization of Thesis

Chapter 2- Literature Review

2.1 Introduction

2.2 Non-Textile Antennas for Wearable Applications

2.3 Textile Antennas for Wearable Applications

2.4 Circularly Polarized Textile Antennas for Wearable Applications

2.5 Textile Multiple-Input-Multiple-Output Antennas for Wearable Applications

Chapter 3-A Planar Dual-Band Antenna for ISM/Wearable Applications

3.1 Introduction

XVi

13
13
14
14
15
15
17
17
17
17
18
18
18
18
19
19
20
20
21
21
22
22

27
27
27
34
44
49

61
61



3.2 Antenna Topology 63

3.3 Parametric Analyses 67
3.4 Antenna Performances in Free Space 69
3.4.1 Reflection Coefficients 69
3.4.2 Radiation Pattern and Gain 70
3.4.3 Surface Current Distribution 70
3.5 Antenna Performances on Human Body 71
3.5.1 Bending Analysis 71
3.5.2 Specific Absorption Ratio (SAR) 74
3.6 Conclusions 75

Chapter 4-A Compact Wideband Flexible Antenna for Wireless Medical

Telemetry Services 79
4.1 Introduction 79
4.2 Antenna Topology 81
4.3 Parametric Analysis 85
4.4 Antenna Performances in Free Space 89
4.4.1 Radiation Patterns and Gain 90
4.4.2 Surface Current Distribution 91
4.5 Antenna Performances on Human Body 91
4.5.1 Bending of the Antenna 91
4.5.2 Specific Absorption Ratio (SAR) 92
4.6 Conclusions 93

Chapter  5-Dual-Resonance  Ultra-Miniaturized  Textile Antenna for

ISM/Wearable Applications 97
5.1 Introduction 97
5.2 Antenna Topology 99
5.2.1 Preparation and Characterization of Non-Conductive and Conductive
Materials 99
5.2.2 Step-Wise Designing of the Proposed Antenna 107

5.3 Antenna Performances in Free Space 108

XVii



5.3.1 Reflection Coefficients (S11) and Gain
5.3.2 Radiation Patterns
5.3.3 Surface Current Distribution
5.3.4 Crumpling Analysis
5.4 Antenna Performances on Human Body

108
109
110
111
112

5.4.1 Reflection Coefficients, Gain, Radiation Efficiency and Front-To-Back

Ratio for various Tissue Models
5.4.2 Bending Analysis

5.4.3 Radiation Pattern

5.4.4 SAR Analysis

5.5 Conclusions

Chapter 6-Wideband Textile Multiple-Input-Multiple-Output Antenna

Industrial, Scientific and Medical (ISM)/Wearable Applications

6.1 Introduction

6.2 Antenna Topology

6.3 Antenna Performances in Free Space
6.3.1 Return Loss, Isolation, and Gain
6.3.2 Isolation Study
6.3.3 Diversity Performance
6.3.4 Surface Current Distribution
6.3.5 Radiation Pattern

6.4 Antenna Performances on Human Body

6.4.1 Return Loss, Isolation, Gain, and Radiation Efficiency

6.4.2 Diversity Performance
6.4.3 Radiation Pattern
6.4.4 Bending Analysis
6.4.5 SAR Analysis

6.5 Conclusions

Chapter 7- Fully-Textile Dual-Band Dual-Sense
WBAN/WLAN/ISM/Wearable 10T Applications

Xviii

MIMO Antenna

112
114
116
116
120

for
123
123
125
129
129
130
131
133
133
136
137
139
139
141
142
143

for
147



7.1 Introduction

7.2 Antenna Topology
7.2.1 Antenna Design
7.2.2 Antenna Evolution
7.2.3 Polarization Diversity
7.2.4 Circuit Model

7.3 Antenna Performances in Free Space

7.3.1 Return Loss, Isolation, Axial Ratio, and Gain

7.3.2 Diversity Performance

7.3.3. Surface Current Distribution

7.3.4 Radiation Pattern

7.4 Antenna Performances on Human Body

7.4.1 Return Loss, Isolation, Axial Ratio, Gain, and Radiation Efficiency

7.4.2 Diversity Performance
7.4.3 Radiation Pattern
7.4.4 Bending Analysis

7.4.5 Specific Absorption Rate (SAR)

7.5 Conclusions

Chapter 8- Conclusion and Future Scope

8.1 Conclusion

8.2 Impact of Proposed Work

8.3 Limitations of Proposed Work
8.4 Future Scope

References
Publications

XiX

147
150
150
152
155
156
158
158
159
162
162
163
164
167
167
169
170
172

175
175
178
178
178

181
203






LIST OF FIGURES

Chapter 1 Introduction 3
1.1 Geometry of Microstrip Patch Antenna (MPA) 6
1.2 Various geometries of the microstrip patch (a) Square, (b) Rectangular, (c)

Triangular, (d) Circular, (e) Dipole, (f) Elliptical, (g) Circular-ring, (h) Circular-

ring-sector and (i) Other (E-shaped) 6
1.3 Feeding Method: Microstrip Line Feed 7
1.4 Feeding Method: Co-axial Feed 8
1.5 Feeding Method: Proximity Coupling Feed 9
1.6 Feeding Method: Aperture Coupling Feed 9

1.7 Feeding Method: Co-planar Feed 10
1.8 Classification of polarization 12
1.9 A 3x3 MIMO Antennas Configuration 14
1.10  MHlustration of Wireless Body Area Network (WBAN) 16
1.11  The methodology adopted in the current work 21
Chapter 2 Literature Review 27
2.1 Designed and Fabricated Prototypes of the antenna presented [29] (a) Antenna
Configuration and (b) Fabricated Prototype 28
2.2 Photograph of antenna prototype presented in [30] 28

2.3 Photograph of the antenna prototype presented in [31] (a) Top View, (b) Bottom
View, (c) Feeding Network PCB, and (d) Zoomed in connection 29
2.4 Photograph of the antenna presented in [32] (a) Antenna Configuration and (b)
Fabricated Prototype under Bending 29
2.5 Fabricated Prototype of the antenna presented in [33] 30
2.6 Photograph of the fabricated prototype presented in [34] (a) Flat Condition and (b)
Bent Condition 31
2.7 Photographs of the antenna presented in [35] (a) Designed Antenna (b) Fabricated

Antennas for Wireless Power Transfer 31

XXi



2.8 Designed and Fabricated Prototypes presented in [36] (a) Designed Antenna, (b)
Fabricated Antenna, and (c) Fabricated Antenna with Metallic Casing
32

2.9 Photographs of the antenna presented in [37] (a) Designed Antenna and (b)

Fabricated Antenna 33
2.10 Antenna Configuration presented in [38] 34
2.11 Antenna Configuration presented in [39] 35
2.12 Antenna Configuration presented in [40] 35
2.13 Antenna Configuration presented in [41] 36
2.14 Antenna Configuration presented in [43] 36
2.15 Antenna Prototype (Fabricated) of the antenna presented in [44] 37
2.16 Antenna Prototypes presented in [45] (a) Disc Monopole CPW Antenna and (b)

Annular Slot Circular Antenna 37
2.17 Antenna Configuration presented in [46] 38
2.18 Photographs of the antenna presented in [47] (a) Designed Antenna and (b)

Fabricated Antenna 38
2.19 Designed and Fabricated Prototype of the antenna presented in [48] 39

2.20 Photographs of the antenna presented in [49] (a) Designed Antenna and (b)
Fabricated Prototype 39
2.21 Photographs of the antenna presented in [50] (a) Designed Antenna, (b) Top View
of Fabricated Antenna, and (c) Bottom View of Fabricated Antenna 40
2.22 Photographs of the antenna presented in [51] Fabricated Prototypes using different
conductive parts: (a) pure copper antenna, (b) e-textile in the patch and pure copper
in-ground, and (c) fully electro textile antenna 41
2.23 Antenna Prototypes presented in [52] (a) Designed Configuration and (b)
Fabricated Antenna 41
2.24 Antenna Prototype presented in [53] (a) Designed Configuration and (b)

Fabricated Prototype 42
2.25 Fabricated Prototype of the antenna presented in [54] 44
2.26 Fabricated Prototype of the antenna presented in [55] 45
2.27 Fabricated Prototype of the antenna presented in [56] 45

2.28 Fabricated Prototype of the antenna presented in [57] 46

XXii



2.29 Photograph of the antenna presented in [58]: (a) Front View and (b) Back View
46
2.30 Antenna Configuration presented in [59] 47
2.31 Photographs of the antenna presented in [60] (a) Antenna Design and (b)
Fabricated Prototype 47
2.32 Designed and Fabricated Prototypes of the antenna presented in [61]: (a) Antenna
Configuration and (b) Fabricated Prototype 48
2.33 Photographs of the antenna presented in [62] (a) Antenna Design and (b)
Fabricated Antenna 48
2.34 Photographs of the antenna presented in [63] (a) Designed Antenna and (b)

Fabricated Prototype 49
2.35 Antenna Prototypes presented in [64] (a) Antenna Configuration and (b)
Fabricated Prototype 50
2.36 Antenna Prototypes presented in [65] (a) Antenna Configuration and (b)
Fabricated Prototype 51
2.37 Antenna Configuration presented in [66] (a) Top View and (b) Back View 51
2.38 Antenna Configuration presented in [67] 52

2.39 Antenna Prototypes presented in [68] (a) Antenna Configuration and (b)
Fabricated Prototype 52
2.40 Antenna Prototypes presented in [69] (a) Antenna Configuration and (b)
Fabricated Prototype 53
2.41 Antenna Prototypes presented in [70] (a) Antenna Configuration and (b)
Fabricated Prototype 53
2.42 Antenna Prototypes presented in [71] (a) Antenna Configuration and (b)
Fabricated Prototype 54
2.43 Antenna Prototypes presented in [72] (a) Antenna Configuration and (b)
Fabricated Prototype 55
2.44 Antenna Configuration presented in [73] (a) Top View and (b) Bottom View 55
2.45 Antenna Configuration presented in [74] (a) Top View and (b) Bottom View 56
2.46 Photographs of the antenna presented in [75] (a) Designed Antenna and (b)
Fabricated Prototype 56

xXiii



Chapter 3 APlanar Dual-Band Antenna for ISM/Wearable Applications 61
3.1 Antenna layout (a) top view (b) bottom view (c) top view of the fabricated prototype

(d) bottom view of the fabricated prototype 64
3.2 Design steps of the proposed antenna (a) step 1 (b) step 2 (c) step 3 (d) step 4 (e)
step 5. 65
3.3 Reflection coefficients |S11| of the design steps (a) 1 to 3 (b) 4to 5. 66
3.4 Reflection coefficients |S11| due to variation in parameter f 67
3.5 Reflection coefficients |S11| due to variation in parameter g 68
3.6 Reflection coefficients |S11| due to variation in parameter | 68
3.7 Reflection coefficients |S11| due to variation in parameter m 69
3.8 Simulated and measured reflection coefficients |Sq] 69
3.9 Simulated and measured radiation patterns (a) 918 MHz (b) 2450 MHz 70
3.10 Surface current distribution of the proposed antenna (a) 918 MHz (b) 2450 MHz
71
3.11 Bending analysis of the antenna along (a) x-axis (b) y-axis (c) y+45° axis (d) y-
45° axis 72
3.12 Reflection coefficients |[S11| due to bending along (a) x-axis (b) y-axis (c) y+45°
axis (d) y-45° axis 74
3.13 Simulated average SAR of the proposed antenna for 1 g of tissue (a) 918 MHz (b)
2450 MHz 74

Chapter 4 A Compact Wideband Flexible Antenna for Wireless Medical

Telemetry Services 79

4.1 Proposed antenna (a) schematic (b) fabricated prototype 83
4.2 Stepwise designing of the proposed antenna (a) step 1 (b) step 2 (c) step 3 (d) step
4 (e) step 5 (f) step 6 (g) step 7 (h) step 8 (i) step 9 (j) step 10 84
4.3 Stepwise reflection coefficients (a) steps 1-5 (b) steps 6-10 85
4.4 Reflection coefficients due to variation in the position of the feed line 86
4.5 Reflection coefficients due to variation in parameter ‘m’ 86
4.6 Reflection coefficients due to variation in parameter ‘n’ 87
4.7 Reflection coefficients due to variation in parameter ‘p’ 87
4.8 Reflection coefficients due to variation in parameter ‘q’ 88

XXV



4.9 Reflection coefficients due to variation in parameter ‘r’ 88

4.10 Reflection coefficients due to variation in parameter ‘s’ 89
4.11 Simulated and measured reflection coefficients of the proposed antenna 89
4.12 Simulated and measured radiation patterns (a) 1397.5 MHz (b) 1429.5MHz 90
4.13 Simulated and measured gain of the proposed antenna 90
4.14 Surface current distribution of the proposed antenna (a) 1397.5 MHz (b) 1429.5

MHz 91
4.15 Bending direction of the antenna along the x-axis 91
4.16 Reflection coefficients due to bending along the x-axis 92

4.17 Simulated average SAR of the proposed antenna for 1 g of tissue (a) 1397.5 MHz
(b) 1429.5 MHz 92

Chapter 5  Dual-Resonance  Ultra-Miniaturized Textile Antenna for

ISM/Wearable Applications 97

5.1 Textile materials: (a) Cordura 500D Nylon, (b) Polyester, (c) Cordura General, (d)
Denim 100

5.2 Textile materials: (a) Lycra, (b) Felt 100

5.3 Preparation of textile fabric samples (a) size of the sample, (b) preparation of
samples 101

5.4 Measurement setup: (a) sample holder (dielectric material test fixture), (b) samples

101

5.5 Variation of dielectric constant and frequency for different textile materials: (a)
Cordura 500D Nylon, (b) Polyester, (c) Cordura General, (d) Denim 103

5.6 Variation of dielectric constant and frequency for different textile materials: (a)
Lycra, (b) Felt 104
5.7 Proposed textile antenna: (a) front view (b) back view 106
5.8 Step-wise evolution of the textile antenna: (a) ANT. 1, (b) ANT. 2, (c) ANT. 3. 107
5.9 Simulated reflection coefficients for different antenna configurations 108

5.10 Prototype of the proposed textile antenna: (a) front view, (b) back view, (c)
reflection coefficients measurement 109
5.11 Simulated and measured reflection coefficients and gain of the antenna (ANT. 3)
109

XXV



5.12 Radiation patterns of the antenna (red: measured, black: simulated): (a) E-plane at
2.45 GHz, (b) H-plane at 2.45 GHz, (c) E-plane at 5.8 GHz, (d) H-plane at 5.8 GHz

110

5.13 Simulated surface current distributions at: (a) 2.45 GHz, (b) 5.8 GHz 111
5.14 Crumpling effect on the antenna 111
5.15 Tissue models: (a) small cubic phantom-X, (b) small cubic phantom-Y, (c)
cylindrical bent-X, (d) cylindrical bent-Y 112
5.16 Simulated reflection coefficients for different tissue models 113

5.17 Simulated results of the textile antenna for different tissue models: (a) gain, (b)

efficiency 114
5.18 Front-to-back ratio of the antenna 114
5.19 Bending analysis of the proposed textile antenna: (a) bent-X, (b) bent-Y 115

5.20 Radiation patterns of the antenna for different tissue models: (a) E-plane at 2.45
GHz, (b) H-plane at 2.45 GHz, (c) E-plane at 5.8 GHz, (d) H-planeat 5.8 GHz 116
5.21 SAR distribution patterns for arm model (simulated power=10 mW): (a) 2.45 GHz

(19),(b)5.0GHz (19),(c)5.8GHz (19) 117
5.22 SAR distribution patterns for arm model (simulated power=10 mW): (a) 2.45 GHz
(10 g), (b) 5.0 GHz (10 g), (c) 5.8 GHz (10 g) 117
5.23 Simulated results for maximum SAR 118

Chapter 6  Wideband Textile Multiple-Input-Multiple-Output Antenna for
Industrial, Scientific and Medical (ISM)/Wearable Applications 123

6.1 Configuration of the textile MIMO antenna (a) top view (b) bottom view 126
6.2 Prototype of the textile MIMO antenna (a) top view (b) bottom view 126
6.3 Step-wise designing of the two-element MIMO antenna (a) step-1 (b) step-2 (c)
step-3 (d) step-4 (e) step-5 (f) step-6 (g) step-7 127
6.4 Simulated S11 of the design steps of the two-element MIMO antenna 128
6.5 Simulated S21 of the design steps of the two-element MIMO antenna 128
6.6 Simulated and measured S-parameters and gain of the two-element MIMO antenna
129

6.7 Top view of the two-element MIMO with meander-line structure 130

6.8 Simulated S-parameters of the two-element MIMO with meander-line structure 131

XXVi



6.9 ECC and DG of the two-element MIMO antenna 132

6.10 ME of the two-element MIMO antenna 132
6.11 Surface current distribution of the MIMO antenna at (a) 2.45 GHz (b) 5.8 GHz
133

6.12 Simulated and measured radiation patterns of the two-element textile MIMO
antenna (at =0°) (a) 2.45 GHz/port-1 (b) 2.45 GHz/port-2 (c) 5.8 GHz/port-1 (d)
5.8 GHz/port-2 134

6.13 Simulated and measured radiation patterns of the two-element textile MIMO
antenna when both port-1 and -2 are excited simultaneously (at ¢=0°) (a) 2.45 GHz
(b) 5.8 GHz 135

6.14 3-D radiation patterns of the two-element textile MIMO antenna (a) 2.45
GHz/port-1 (b) 2.45 GHz/port-2 (c) 5.8 GHz/port-1 (d) 5.8 GHz/port-2 135

6.15 3-D radiation patterns of the two-element textile MIMO antenna when both port-
1 and -2 are excited simultaneously (a) 2.45 GHz (b) 5.8 GHz 136

6.16 Human tissue models (a) cubic phantom/x-direction (b) cubic phantom/y-direction
(c) cylindrical phantom/x-direction (d) cylindrical phantom/y-direction 136

6.17 Simulated S-parameters of the textile MIMO antenna for different tissue models

(@) S11 (b) S21 138

6.18 Simulated results of the textile MIMO antenna for different tissue models (a)

gain (b) efficiency 139

6.19 Simulated radiation patterns of the two-element textile MIMO antenna (at ¢=0°)

(a) 2.45 GHz/port-1 (b) 2.45 GHz/port-2 (c) 5.8 GHz/port-1 (d) 5.8 GHz/port-2 140

6.20 Simulated radiation patterns of the two-element textile MIMO antenna when

port-1 and -2 are excited simultaneously (at ¢=0°) (a) 2.45 GHz (b) 5.8 GHz 141

6.21 Bending analysis of the proposed textile MIMO antenna for various tissue

models (a) S11 (b) S21 142

6.22 Simulated results for maximum SAR 142

Chapter 7 Fully-Textile Dual-Band Dual-Sense MIMO Antenna for

WBAN/WLAN/ISM/Wearable 1oT Applications 147
7.1 Hlustration of textile antenna for 10T 148

XXVii



7.2 Proposed fully-textile dual-band MIMO antenna: (a) top view, (b) bottom view
151
7.3 Prototype of the fully-textile MIMO antenna: (a) top view, (b) bottom view 151

7.4 Step-wise development of the fully-textile two-element MIMO antenna: (a)

ANT~1, (b) ANT~2, (c) ANT~3, (d) ANT~4, (e) ANT~5, (f) ANT~6 153
7.5 Simulated Si1 of the design steps 154
7.6 Simulated S»1 of the design steps 154
7.7 Simulated axial ratio of the design steps 155

7.8 Surface current distribution at 5.8 GHz when port#1 and port#2 are excited 156
7.9 (a) Equivalent circuit of the MIMO antenna, (b) |S11| and |S12| comparison of the

EM and circuit models 157
7.10 Simulated and experimental results of the proposed antenna: (a) S-parameters
(S1u1 and S22), (b) gain and axial ratio 159
7.11 ECC and DG of the proposed antenna 160
7.12 ME of the fully-textile two-element MIMO antenna 161
7.13 TARC of the fully-textile two-element MIMO antenna 161
7.14 Surface current distribution of the fully-textile MIMO antenna: (a) 2.45 GHz, (b)
5.8 GHz 162
7.15 Radiation patterns of the proposed antenna: (a) 2.45 GHz/Port#1, (b) 2.45
GHz/Port#2, (c) 5.8 GHz/Port#1, (d) 5.8 GHz/Port#2 163
7.16 Radiation patterns of the proposed antenna when port#1 and port#2 are excited
simultaneously: (a) 2.45 GHz, (b) 5.8 GHz 163
7.17 Human tissue models/phantoms: (a) cubic phantom, (b) cylindrical phantom/x-
direction, (c) cylindrical phantom/y-direction 164
7.18 Simulated S-parameters of the proposed antenna for different phantoms: (a) S,
(b) S21 165
7.19 Axial ratio (simulated) of the proposed antenna for various phantoms 166

7.20 Simulated results of the proposed antenna for different phantoms: (a) gain, (b)
radiation efficiency 167
7.21 3-D radiation patterns of the proposed antenna: (a) cubic model, (b) bent x-
model, (c) bent y-model 169

XXviii



7.22 Bending analysis of the proposed fully-textile MIMO antenna for various
phantoms: (a) Si1, (b) S21, (c) axial ratio 170
7.23 Simulated results for maximum SAR 171

XXiX






Chapter 1
Table 1.1

Chapter 2
Table 2.1
Table 2.2
Table 2.3
Table 2.4

Chapter 3
Table 3.1
Table 3.2
Table 3.3

Chapter 4

Table 4.1
Table 4.2

Chapter 5

Table 5.1
Table 5.2
Table 5.3
Table 5.4
Table 5.5

LIST OF TABLES

Introduction 3
Frequency Bands of Operation for WBAN 16
Literature Review 27
Non-Textile Antennas for Wearable Applications 33
Textile Antennas for Wearable Applications 43

Circularly Polarized Textile Antennas for Wearable Applications 49
Textile Multiple-Input-Multiple-Output Antennas for Wearable
Applications 57

A Planar Dual-Band Antenna for ISM/Wearable Applications 61

Comparison of the proposed antenna with other antennas 63
Dimensions of the proposed antenna 64
Simulated and Measured Gain 70

A Compact Wideband Flexible Antenna for Wireless Medical

Telemetry Services 79
Comparison of the proposed antenna with other antennas 81
Dimensions of the proposed antenna 83

Dual-Resonance Ultra-Miniaturized Textile Antenna for

ISM/Wearable Applications 97
Properties of the textile materials at 2.45 GHz 105
Dimensions of the proposed textile antenna 107
Performance summary of different antenna configurations 108
Maximum allowable input power 118

Performance comparison of the proposed textile antenna with other

reported works 119

XXXI



Chapter 6

Table 6.1
Table 6.2
Table 6.3

Chapter 7

Table 7.1

Table 7.2
Table 7.3

Chapter 8
Table 8.1.

Wideband Textile Multiple-Input-Multiple-Output Antenna for
Industrial, Scientific and Medical (ISM)/Wearable Applications 123

Parameters of the two-element MIMO antenna 126
Dimensions of the various layers of tissue models 137
Comparison of the proposed work with other MIMO antennas 143

Fully-Textile Dual-Band Dual-Sense MIMO Antenna for

WBAN/WLAN/ISM/Wearable 10T Applications 147
Dimensions of the two-element textile MIMO antenna 151
Dimensions of the tissue models 164

Comparison of the proposed work with other reported MIMO antennas
171

Conclusion and Future Scope 175

Summary of proposed antennas 177

XXXii



LIST OF ABBREVIATIONS

Ag Argentum (Silver)

BAN Body Area Network

BCC Body Centric Communication

BER Bit Error Rate

BSN Body Sensor Network

CCo Carbon-Coated Cobalt

CPW Coplanar Waveguide

CPW Circularly Polarization

CST Computer Simulation Technology

CT Computed tomography

Cu Copper

DAK Dielectric Assessment Kit

DG Diversity Gain

ECC Envelope Correlation Coefficient

EM Electromagnetic

FCC Federal Communications Commission

FlexIFA Flexible Inverted-F Antenna

GHz Giga Hertz

GPS Global Positioning System

HMSIW Half-Mode Substrate Integrated Waveguide

ICNIRP International Commission on Non-lonizing Radiation
Protection

IEEE Institute of Electrical and Electronics Engineers

loT Internet of Things

ISM Industrial, Scientific and Medical

ITU International Telecommunication Union

LHCP Left-Handed Circular Polarization

LP Linear Polarization

XXXiii



LTE
LV
MASB
MBAN
ME
MEG
MHz
MICS
MIMO
mmwW
MPA
MRI
Ni

NL
PANI
PCB
PCS
PET
QMSIW
QoS
RF
RFID
RHCP
SAR
SEM
SISO
SIW
SMA
SMP
SNR
SRR

Long-Term Evolution

Louis Vuitton

Meteorological Aids Service Band
Medical Body Area Network
Multiplexing Efficiency

Mean Effective Gain

Mega Hertz

Medical Implant Communication System
Multiple-Input-Multiple-Output
Millimeter-Wave

Microstrip Patch Antenna
Magnetic Resonance Imaging
Nickel

Neutralization Line

Polyaniline

Printed Circuit Board

Personal Communication Services
Polyethene Terephthalate
Quarter-Mode Substrate Integrated Waveguide
Quality of Service

Radio Frequency

Radio Frequency Identification
Right-Handed Circular Polarization
Specific Absorption Ratio
Scanning Electron Microscopy
Single-Input-Single-Output
Substrate Integrated Waveguide
Sub-Miniature Version A
Sub-Miniature Push-on
Signal-to-Noise Ratio

Split-Ring Resonators

XXXIV



TARC
TDR
™
UMTS
UuwB
VNA
VSWR
WBAN
WIMAX
WMTS
WPAN

Total Active Reflection Coefficient

Time-Domain Reflectometry

Transverse Magnetic

Universal Mobile Telecommunication System
Ultra Wide Band

Vector Network Analyzer

Voltage Standing Wave Ratio

Wireless Body Area Network

Worldwide Interoperability For Microwave Access
Wireless Medical Telemetry System

Wireless Personal Area Network

XXXV






Investigation on Wearable Antennas
for
Body Area Network
By
Hari Singh
School of Computational and Integrative Sciences
Jawaharlal Nehru University

New Delhi, India
March-2022

“We want that education by which character is formed, strength of mind is increased,
the intellect is expanded, and by which one can stand on one’s own feet”

—Swami Vivekananda

ABSTRACT

The requirement for wearable technology has increased enormously in the

recent past. Some of the key areas that have really accelerated this growth are the
demand for miniaturized & portable wireless devices, the advent of high-speed & low-
power wireless networks and the ever-evolving energy-harvesting techniques.
Nowadays, wearable technology finds numerous applications in the areas of
positioning, navigation, military, prevention of diseases, maintenance of health, remote
patient management, fashion, entertainment, infotainment, etc. The choice of antenna
plays a key role in most of these applications. This has led to the evolution of compact,
lightweight, planar, conformal and efficient wearable antennas. These wearable
antennas are made to work wirelessly in a body area scenario for body area network
applications (BANS).

Wearable antenna design and development are of particular importance in this
context. This is in line with the current thesis, which comprises five main objectives.
Firstly, the dissertation presents a planar, dual-band antenna for ISM band applications.
This antenna is made up of a non-textile flexible substrate with a ground plane, a
rectangular patch and a 50 Q microstrip feedline. The antenna is loaded with a number
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of slots for obtaining dual resonance in the spectra of 902-928 MHz and 2400-2480
MHz. The bending and specific absorption rate (SAR) analysis done for the antenna
show that the presented antenna can be employed for wearable applications.

Secondly, the thesis focuses on the design and development of a planar small
size coplanar waveguide (CPW)-fed wideband antenna for “wireless-medical-
telemetry-service (WMTS) bands.” This antenna is also designed on a non-textile
flexible substrate. The designed antenna operates at centre frequencies of 1397.5 MHz
and 1429.5 MHz covering “1395-1400 MHz ” and “1427-1432 MHz” frequency bands.
The antenna has a 620 MHz bandwidth that is greater than the bandwidth of
conventional narrow and wearable antennas. The concept of a meander line is used for
increasing the bandwidth of the presented antenna. The demonstration of SAR and
bending analysis show that the presented antenna can be designed on flexible substrates
and show its candidature for the wearable applications.

Thirdly, an ultra-miniaturized, dual-band fully-textile antenna is presented in
the thesis. All the layers of the antenna i.e. the ground plane, the substrate layer and the
radiating patch are designed using textile fabrics. It also considered various textile
fabrics for the characterization to investigate the different possibilities for designing
fully textile antennas. Such antennas are a good candidate for body area networks
(BAN) as they can be easily integrated into clothing. The proposed antenna uses Felt
and Shieldit™ Super conductive material as non-conducting and conducting textile
materials. The dual-resonant antenna covers “2.45 GHz and 5.80 GHz ISM (industrial,
scientific and medical) bands ” with bandwidths of 14.2% and 27.5% respectively. The
proposed antenna's on-body performance demonstrates that it can be used for wearable
applications in all practical situations.

Fourthly, a compact, wideband, two-element, fully-textile “multiple-input-
multiple-output (MIMO)” antenna is presented for ISM and WLAN band wearable
applications. The ground plane and radiating patch of the proposed MIMO antenna are
prepared using Shieldit™ Super conductive material on a non-conducting Felt
substrate. The antenna covers a wide impedance band of 2.00-6.23 GHz with a
maximum mutual coupling of (S21, max) —29.26 dB over the entire resonating band. The
antenna uses three rectangular rings and a T-shaped stub for achieving desired isolation

between the radiating elements. The realised gain of the proposed antenna is greater
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than 2.88 dBi., an envelope-correlation-coefficient (ECC) of less than 0.1, and a
diversity-gain (DG) of 9.95 dB. The reasonable on- and off-body performances endorse
that ability of the proposed antenna to work efficiently for wearable applications.

Lastly, a compact, dual-resonance, dual-sense, two-element, fully-textile
“multiple-input-multiple-output (MIMO)” antenna is included in the thesis. This
MIMO antenna is developed using Felt and Shieldit™ Super textile fabrics as non-
conducting and conducting materials respectively. It covers 2.18-3.29 GHz and 3.92-
6.90 GHz frequency bands with circular polarization (CP) in the 4.92-5.94 GHz band.
It provides isolation of more than 15 dB over both resonating bands. The MIMO
antenna uses a rectangular-, two triangular- and a T-shaped stubs for reducing the
mutual interaction between the radiating elements of the antenna. The “realised gain”
of this antenna is > 2.00 dBi, an “envelope correlation coefficient (ECC) ” of < 0.12, a
“diversity gain (DG) ” of ~9.90 dB, and a “multiplexing efficiency (ME) ” between +2.0
over the resonating bands. The proposed antenna is a good candidate for
WBAN/WLAN/ISM/Wearable 0T Applications.
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“It still fascinates me to think that here in this room you have radio
signals from stations all over the world going through, and we can

stick up an antenna and receive them.”

James Alfred Van Allen






Introduction

INTRODUCTION

Over the past few decades, there has been enormous advancement in the field
of wireless technology. Although, the term was first introduced in the 19" century but
it has seen many developments in the recent past. It has a wide range of applications
such as locating, tracking, enhancing security, connecting devices, making calls,
accessing the internet, etc. The antennas primarily govern the performance of wireless
systems. Thus, the development of lightweight, economical and efficient antennas

become almost essential.

1.1 WHAT IS AN AERIAL/ANTENNA?

“A metallic structure that receives and/or transmits electromagnetic or radio
waves is known as an aerial/antenna [1].” It is an interface between the electric current
flowing through the metal conductors and electromagnetic waves propagating through
space. In transmitting mode, the antenna receives the electric current at its terminals
from a radio transmitter and radiates the energy as electromagnetic or radio waves. In
receiving mode, the antenna intercepts some power of an electromagnetic or radio wave
and produces an electric current at its terminals. They come in a wide range of sizes
and designs, from little ones that can be seen on rooftops to massive ones capable of
collecting signals from satellites millions of miless away. [1]-[3].

1.2 TYPES OF ANTENNAS

In radio systems, various types of antennas are used for different applications.
These antennas can be classified in various ways such as operating principle, shape,
etc. [1].
1.2.1. Wire Antennas

The wire antennas are available in many shapes like straight-wire/dipole, loop
and helical. Loop antennas can take any shape such as square, rectangle, ellipse, or any
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Types of Antennas

other configuration. They can be seen on buildings, automobiles, aircraft, ships, and
spacecraft.
1.2.2. Aperture Antennas

The aperture antennas are the most commonly used antennas for microwave
applications with several different geometrical configurations available. They can take
the form of a horn or a waveguide having rectangular, square, circular, elliptical and
other apertures. They are practically used for aircraft & missile, spacecraft and mobile
applications as they could be easily mounted on their surfaces.
1.2.3. Microstrip Antennas

A radiating patch is placed over a grounded substrate in microstrip antennas.
The radiating patch can be configured in a variety of ways. Rectangular and circular
radiating patches, on the other hand, are the most commonly employed due to their
simplicity of analysis and fabrication.
1.2.4. Array Antennas

To create the required radiation pattern, a number of radiating components are
electrically and geometrically arranged to form array antennas. The array can be
arranged such that the arrangement gives maximum, minimum, or desired radiation in
a particular direction.
1.2.5. Reflector Antennas

Reflector antennas are used to send and receive radio signals that must traverse
millions of miles. Parabolic reflector antennas having a diameter as large as 305 m have
been built.
1.2.6. Lens Antennas

The lens antennas are classified in terms of their shapes or types of materials
used for their constructions. These antennas are used to transform divergent energy into
plane waves. This can be achieved by selecting an appropriate material for the lenses
and properly shaping the geometry of the antenna configurations.

1.3 OVERVIEW OF MICROSTRIP PATCH ANTENNA (MPA)
Microstrip patch antennas are most popular in both industry and academia due
to their small size, lightweight, low cost, good performance, ease of fabrication and

installation. These antennas are conformable to planar as well as non-planar surfaces.
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They can be easily manufactured using low-cost printed circuit technology. They show
robustness when mounted on any rigid surface. They can be used in high-performance
satellite, missile, aircraft and spacecraft applications.

There are some operational disadvantages of microstrip patch antenna such as
very narrow bandwidth, low power, low efficiency, high quality-factor, poor
polarization, poor scanning performance, etc. However, there are many methods, which
can be used to overcome these shortcomings. The antenna's efficiency can be improved
by raising the substrate's height [4]. However, the increase in the height introduces
undesirable surface waves, which worsens the radiation and polarization
characteristics[5], [6]. These undesired surface waves can be lowered by using the
concept of cavities [7]. Methods like stacking, probe-feeding, creation of slots &
notches and impedance matching can be used for enhancing the bandwidth of these
antennas [8].

As with most technological advancements, it is not easy to categorically state
who was the originator of the microstrip antenna. The concept of a microstrip patch
antenna can be tracked back to the year 1953 (G. A. Deschamps). In the year 1955, H.
Gutton and G. Baissinot (French Patent No. 703 113) also filed a patent. However, the
fabrication of a microstrip antenna was not possible at that time due to the absence of
printing technology and desired substrate materials. It gained popularity in the 1970s.
The first microstrip antenna was realized by Robert E. Munson in 1974 [9]. All these
developments initiated a rigorous research on the advancement of microstrip patch
antenna (MPA) design and development.

A microstrip patch antenna (MPA) consists of a radiating patch, a substrate and
a ground plane. The substrate is made up of a non-conducting dielectric material while
the radiating patch and the ground plane are made up of a conducting material. The
substrate is sandwiched in between the radiating patch and the ground plane as depicted
in Fig. 1.1. A lot many dielectric materials having dielectric constants (gr) in between
2.2 and 12 can be used as substrates. The radiating patch and ground plane can be made
using any metallic material such as copper, silver and gold. The dimensions of the
ground plane and radiating patch can be calculated for the desired resonant frequency.
The thickness of the substrate should be in the range of 0.003A0 <h < 0.05X0, where Ao
is the wavelength of the free space [1], [10], [11].
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Patch

Ground

Substrate

Fig. 1.1 Geometry of “Microstrip Patch Antenna (MPA)”

Often, the microstrip patch antenna is also called as a patch antenna. The
conducting radiating patch and the feedline are usually photoetched on a non-
conducting dielectric substrate material. The shape and size of the radiating patch may
take any configuration such as square, rectangular, triangular, circular, dipole, elliptical,

circular ring, circular ring-sector, or any other as shown in Fig. 1.2.

Fig. 1.2 Various geometries of the microstrip patch: “(a) Square, (b) Rectangular, (c)

Triangular, (d) Circular, (e) Dipole, (f) Elliptical, (g) Circular-ring, (h) Circular-ring-
sector and (i) Other (E-shaped)[1]”
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1.4 FEEDING TECHNIQUES OF MICROSTRIP-PATCH-ANTENNA (MPA)

In the designing and development of a microstrip patch antenna, the ground
plane and the radiating patch must be joined to excite the antenna. There are various
approaches to excite the antenna and are commonly known as feeding techniques.
These feeding techniques play a vital role in deciding the working of the antennas. The
most popular feeding practises are microstrip line feed, co-axial feed, proximity
coupling feed, aperture-coupling feed and coplanar waveguide feed [1], [10], [12], [13].
Every method has its own merits and demerits. Several factors are considered in
choosing a suitable feeding technique over others for designing a particular type of
antenna. One of the important factors is how effectively and efficiently, the antenna is
transferring the input energy to the radiating element. A good impedance matching
between the feed and radiating element is required for the efficient working of the
microstrip patch antenna. This technique is much easy to model as the dimension and
location of the feedline can be optimized in achieving the desired impedance matching.

1.4.1. Microstrip Line Feed

As shown in Fig. 1.3, a conducting strip is constructed on top side of the
substrate, together with the patch. The width of the feedline is usually much smaller in
comparison with the width of the patch. Through this microstrip-line, RF energy is
directly delivered to the radiating patch. However, the increase in the substrate
thickness upsurges the surface waves & spurious feed radiation. The resonance
bandwidth of this design is practically limited to 2-5%. This technique has been used

in [14], [15] because of its ease of modelling and fabrication.

Microstrip Line Feed
Patch

Ground

Substrate

Fig. 1.3. Feeding Method: Microstrip Line Feed
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1.4.2. Co-axial Feed

In this technique, the inner (core) and outer (cladding) conductors of the co-
axial cable are connected with the radiating patch and the ground plane respectively as
depicted in Fig. 1.4. The coaxial feed is simple to manufacture and match, although it
does necessitate a substrate slot. It has narrow bandwidth but low spurious radiation.
However, it is difficult to employ this feed for the thicker substrates (h > 0.020). This
technique has been used in [16]-[18] because of its various advantages over microstrip

line feed.

Patch Inner Conductor

Substrate [

Ground

Outer Conductor

Fig. 1.4. Feeding Method: Co-axial Feed

1.4.3. Proximity Coupling Feed

In this technique, two layers of substrate are used as depicted in Fig.1.5. On the
bottom layer substrate, the exciting feed line is printed, while the radiating patch is
printed on the upper layer substrate. This technique is well-recognized for its low
spurious radiations and wide bandwidth. It provides the maximum bandwidth (as good
as 13%) because of the overall increased substrate thickness and coupling between the
feedline and the radiating patch. This technique is somewhat easy to model but slightly
difficult to fabricate. The alignment of two layers of the substrates is tedious and
increases the size of the designed antenna with regard to the thickness. The length of
the tuning stub and the patch's ‘width-to-line-ratio' can be modified to control the
antenna's response [19]. This technique has been used in [20], [21] because of its

advantages over the aforementioned techniques.
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Patch Upper Substrate

Ground

Feed Line

Lower Substrate

Fig. 1.5. Feeding Method: Proximity Coupling Feed

1.4.4. Aperture Coupling Feed

This technique uses two substrates parted by a ground-plane as shown in Fig.
1.6. Here, the microstrip feedline is placed underneath the lower substrate. The
radiating patch of the antenna allowed to couple with the feedline through a slot created
on the ground plane parting the two substrates. Typically, the dielectric constant of the

lower-side substrate is higher than that of the upper-side substrate while the

Patch

«—| AirGap

Upper Substrate

Ground

Slot

/ Lower Substrate

Feedline

Fig. 1.6. Feeding Method: Aperture Coupling Feed
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1.4.5. Coplanar Waveguide (CPW) Feed

In this technique, a single-sided ground and a feeding strip attached to the patch
are used. As seen in Fig. 1.7, a small gap separates the feeding strip from the ground
plane. On the same side of the dielectric substrate, the entire design, including the
radiating patch, ground plane, and feeding strip, is constructed. The key highlights of
this technique are its straightforward engineering, minimal efforts required because of
monoplane structure, small size, low scattering, low spurious radiation and more
extensive data transfer capacity. This technique has been used widely because of its

various advantages over other techniques [22], [23].

Patch

Substrate

Ground Plane

Fig. 1.7. Feeding Method: Co-planar Feed

1.5 PROPERTIES OF MICROSTRIP PATCH ANTENNA (MPA)

The properties of “Microstrip Patch Antenna (MPA)” can be best described
using several parameters. The definitions of a few important parameters are as follows:
1.5.1. Voltage-Standing-Wave-Ratio (VSWR)

The efficiency of a system to transfer radio frequency power from a power
source to a load is known as “Voltage-Standing-Wave-Ratio (VSWR). ” This requires a
perfect matching between the impedances of source, transmission line, all connectors
and load. Ideally, 100% input energy can be transmitted. In real-time systems, some of
the energy is reflected back because of imperfect matching.

Mathematically, it is expressed as the ratio of highest and lowest voltage on the

transmission line.
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V
VSWR = Vings | (1.1)
|Vmin|
It can also be defined as
VSWR = a+n
= a=n 1.2)

where I'=Reflection Coefficient

1.5.2. Radiation Pattern

“The mathematical (or graphical) depiction of an antenna's radiation
properties as a function of spatial coordinates is known as the radiation pattern [1].”
The radiation properties include field strength, radiation intensity, flux density and
polarization. Mostly, the radiation pattern is plotted for the far-field region i.e., for R
> 2D?/A, where D represents the largest dimension. The radiation pattern consists of a
various lobes such a major lobe, minor lobe(s), side lobe(s) and back lobe(s). The major
or main lobe is the radiation lobe that contains the direction of main beam (6=0°). The
radiation in the undesired direction is represented by the minor lobe. The radiation lobes
which are adjacent to the main lobe, normally the largest of the minor lobes, are called
side lobes.
1.5.3. Gain

“An antenna's gain is defined as the ratio of the radiation intensity in one
direction to the radiation intensity that would be gained if the antenna's power was
radiated isotopically [1].”
1.5.4. Polarization

An antenna’s polarisation is defined as the direction in which a radio wave's
electric-field-vector oscillates. As illustrated in Fig. 1.8, antenna polarization can be
characterised as linear, elliptical, or circular. The point of reference can be realized by
standing behind the radiating antenna and looking in the direction it is aimed. In cases
of horizontal and vertical polarizations, the electric field vector oscillates sideways and
up and down in horizontal and vertical planes respectively. The polarization plays a

pivotal role in the selection and installation of the antenna.
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EZ\ E

Linear Circular Elliptical

Fig. 1.8. Classification of Polarization

Circularly Polarized (CP) antennas are widely preferred over Linearly Polarized
(LP) antennas as they do not require the transmitting and receiving antennas to have a
similar orientation. The transmitted CP wave can be received in the horizontal or
vertical or any other plane in between. While the LP wave can radiate only in one plane
which is undesirable for most wireless applications. Furthermore, the CP wave suffers

less reflection and absorption as the transmission is in every plane.

1.6 ADVANTAGES OF MICROSTRIP PATCH ANTENNA (MPA)
A few important advantages of the microstrip patch antennas over standard

antennas are as follows:

e Planar, low profile and conformal design.

e Lightweight and less bulky.

e Low manufacturing cost.

e Supports all kinds of polarizations namely linear, elliptical and circular.

e Easy integration with microwave integrated circuits (MICs)

e Capability to handle multi-band and wide-band activities.

e Easy fabrication on hard and flexible substrates.
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1.7 DISADVANTAGES OF MICROSTRIP PATCH ANTENNA (MPA)
Some of the disadvantages of the microstrip patch antennas over conventional
antennas are as follows:
e Narrow bandwidth due to high Q-factor.
e Low efficiency and gain.
e Undesired radiation comings from feeds and junctions.
e Difficulty in achieving polarization purity.

e Low power handling capability.

1.8 APPLICATIONS OF MICROSTRIP PATCH ANTENNA (MPA)
Some of the key areas in which microstrip patch antennas have found

applications are as follows [24], [25]:

e Mobile and Satellite Communication

e Radio Frequency ldentification (RFID)

e Global Positioning System (GPS)

e Direct Broadcast Services

e Satellite Navigation Receivers

e Worldwide Interoperability For Microwave Access (WiMax )

e Rectifiers and Radars

e Radio Altimeters

e Feed Elements in Complex Antenna

e Command and Control Systems

e Environmental Instrumentation

e Remote Sensing

e Telemedicine

e Intruder Alarms

e Biomedical Radiators

e Feed Element in Complex Antennas

e Integrated Antennas

e Wireless Body Area Network (WBAN)
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1.9 MULTIPLE-INPUT-MULTIPLE-OUTPUT (MIMO) Antenna

In 1948, Shanon highlighted the limits of single-input-single-output (SISO)
systems. As wireless traffic has been increasing dramatically over the years, both
wireline and wireless communication have seen many developments. The idea of
multiple-input-multiple-output (MIMO) was given by D.A. George, A.R. Kaye and W.
van Etten in the 1970s. The approach was first proposed in 1992 and a corresponding
patent [26] was issued in 1994.

MIMO can be considered as a group of antenna arrays. Formally, it employs
multiple transmitting and receiving antennas for increasing the data transmission rate.
It does so by increasing the reliability of the system using spatial multiplexing. It
escalates the channel capacity without increasing the bandwidth requirement. In MIMO
systems, very high isolation is required between radiating antennas. A basic 3x3 MIMO

antenna configuration is shown in Fig. 1.9.

Txo ——————————————————— Rxo

Fig. 1.9. A 3x3 MIMO Antenna Configuration

1.10 ADVANTAGES OF MIMO Systems
Some of the advantages of the MIMO systems are as follows:
e Capacity
e High Data Transfer Rate
e Low Bit Error Rate (BER)
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e Spectral Efficiency

e Signal-to-Noise Ratio (SNR)
e Throughput

e Reliability

e High Quality of Service (QoS)

1.11 DISADVANTAGES OF MIMO
Some of the disadvantages of the MIMO systems are as follows:
e Hardware Complexity
e Advanced Software Requirement
e Requirement of Multiple Antennas
e Increased Power Requirement

e Higher Cost

1.12 WIRELESS BODY AREA NETWORK (WBAN)

A “wireless-body-area-network” is also referred to as a “body-area-network
(BAN)” or a “wireless personal area network (WPAN)”, or a “medical body area
network (MBAN) ” or a “body sensor network (BSN) ”, is a network of wearable devices.
These devices are implantable in humans, or surface mounted on the human body or
can be integrated into clothing and accessories such as belts, bags, jewellery, etc.
Typically, wearable devices are spread over the whole human body and connected
through a wireless communication channel. Every device has its specific requirements
and dedicated mission. Apart from measuring the vital signs of a person, these devices
can also be used for detecting emotions such as happiness, distress, fear, anxiety, etc.
The schematic for the WBAN is illustrated in Fig. 1.10.

The IEEE standardization group (IEEE 802.15) was instituted to standardize
on-, off-, or in-body communication applications for wearable applications. Various
bands have been allocated and used for WBAN as shown in Table 1.1. Navigation,
positioning, remote health monitoring/care, biofeedback, assisted living, and other
innovative applications are available through the WBAN. Due to numerous promising

applications, both non-textile and textile antennas have found their importance in
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Fig. 1.10. Hlustration of “Wireless Body Area Network (WBAN)”

wearable technology. One of the crucial requirements of these antennas is that they

should be invisible and non-invasive for the user.

Table 1.1. Frequency Bands of Operation for WBAN

Band Frequency Applications
(MHz/GHz)
MASB 401-406 MHz Implantable
(Meteorological Aids Service Band)
402-405 MHz Implantable
MICS 420-429 MHz Wearable
(Medical Implant Communication System) 120-249 MMz Wearable
608-614 MHz
WMTS 1.395-1.400 GHz Wearable
(Wireless Medical Telemetry System) 14771437 Gz Implantable
WIMAX _ - . 25 Ghy Wireless Body Area
'(o\\lt\:lger;csj)-WMe Interoperability for Microwave Network
433.1-434.8 MHz Wearable
ISM 902-928 MHz Wearable
(Industrial, Scientific and Medical Band) 2.40-2.50 GHz Wearable
5.725-5.875 GHz Wearable
uwB 3.10-10.6 GHz Wearable

(Ultra Wide Band)
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1.13 NON-TEXTILE AND TEXTILE WEARABLE ANTENNAS FOR WBAN
Both non-textile and textile antennas can be used as wearable devices for the
wireless-body-area-networks (WBANSs). The non-textile antennas can be surface-
mounted on huma-body and accessories like Glasses, Belts, Bags, Shoes and Jewellery.
Whereas the textile antenna can be directly integrated into clothing. For non-textile
wearable antennas, both flexible and non-flexible dielectric materials can be used as
substrates but conformal antennas cannot be made using non-flexible substrate
materials. For a textile antenna, only the clothing materials can be used as dielectric
substrates. The flexible substrates such as polyethene terephthalate (PET) and
polyimide allow bending. In contrast, the textile materials exhibit a property called
drapability i.e. the antennas made up of textile materials can be bent in arbitrary

directions.

1.14 ADVANTAGES OF FULLY TEXTILE ANTENNA
e Flexibility
e Light-weight
e Low Dielectric Constant (gr)
e Low Tangent Loss (tan d)
e Seamless integration in clothes without any discomfort to the user and any

wearability issues.

1.15 DISADVANTAGES OF FULLY TEXTILE ANTENNA
e Need of proper characterization of Textile Fabrics
e Narrow Range of Dielectric Constant (&)
e Porosity and Anisotropicity
e Dielectric Constant may change due to constant exchange of water with

surroundings
1.16 CHALLENGES OF DESIGNING WEARABLE ANTENNAS

There are various challenges associated with the designing and fabrication of

wearable antennas. Some important challenges are as follows:
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1.16.1 Bending

In wearable technology, conventional flat antennas cannot be used. As a result,
the antenna's performance must be evaluated under various bending and crumpling
circumstances. All antenna parameters such as s-parameters (return loss and isolation),
axial ratio, gain, radiation efficiency, SAR, etc. need to be checked under bending
conditions in various directions.

1.16.2 Specific Absorption Rate (SAR)

The “specific-absorption-rate (SAR)” is the rate at which the human body
absorbs radio frequency radiation. It's the amount of energy absorbed per unit mass of
human tissue. It is measured in Watts/Kg.

Human tissue is typically regarded as a lossy material. An antenna positioned
near a person's body demonstrates alterations in the frequency of operation, low antenna
gain and distortions in the radiation patterns. These issues can be reduced/overcome by
having an antenna with low fringing fields and low SAR values.

1.16.3 Integration and Placement

The integration of wearable antennas is challenging, as they should be invisible
to the wearer/user. The antenna should have robust performances under the situations
like sweating, washing and ironing. For such applications, the size of the antenna does
not seem to be an issue. In contrast, the antenna embedded in accessories like glasses,
buttons, jewellery, etc. has to be compact in size.

The placement of a wearable antenna is also an issue. An antenna placed around
the chest/back can severely affect the vital organs like the heart and lungs. It also
increases the risk of breast cancer. The placement of the antenna near the waist area
could be prone to digestive, excretive and reproductive systems. The lower leg, wrist
and arm are considered as best and more comfortable places for the placement of
antennas. However, the wearable antenna having limited SAR values can be placed
anywhere.

1.16.4 Water Absorption

The fully textile antennas are made up of textile fabrics that are porous in nature.
These textile fabrics can easily absorb moisture and water from sweat or an open
environment. This can lead to a shift in the frequency of resonance and impedance

bandwidth of the antenna.
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1.17 APPLICATIONS OF WEARABLE ANTENNAS

Positioning and Navigation

Military and Defence

Health and Security

Sports and Fitness

Fashion and Entertainment

Wearable Accessories such as Garments, Buttons, Bags, Belts, Shoes and
Jewellery

Care for Child and Elderly

1.18 OBJECTIVE OF THESIS

In the recent years, wearable antennas have been gaining much popularity and

attention because of their alluring features such as low profile, lightweight, flexibility,

conformal structure, low cost and portability. These antennas can be used for wireless

communication and sensing. The flexibility of these antennas is critical since they are

attached to numerous regions of the human body. As a result, they must be implemented

on flexible substrate materials, which makes them conformal. The main objectives of

the presented thesis are

Design and development of a planar dual-band antenna for “ISM/wearable
applications.”

Design and development of a compact wideband flexible antenna for “wireless
medical telemetry services (WMTS).”

Design and development of a dual-resonance ultra-miniaturized textile antenna
for “ISM/wearable applications.”

Design and development of a wideband textile “multiple-input-multiple-output
(MIMOQO) antenna” for “industrial, scientific and medical (ISM)/wearable
applications.”

Design and development of a Fully-Textile Dual-Band Dual-Sense MIMO
Antenna for “WBAN/WLAN/ISM/Wearable loT Applications.”
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In objective I, a flexible dual resonant antenna is developed for the lower (902-
928 MHz) and middle (2400-2480 MHz) ISM frequency bands. In objective Il, a
flexible wideband antenna covering 1395-1400 MHz and 1427-1432 MHz bands is
developed for the WMTS applications. In objective 11, an all textile dual-band antenna
is developed for 2.45/5.8 GHz ISM/Wearable applications. In objective 1V, an all textile
wideband MIMO antenna covering a 2.00—-6.23 GHz frequency band is developed for
ISM/wearable applications. In objective V, an all textile dual-band dual-sense MIMO
antenna covering 2.18-3.29 GHz and 3.92-6.90 GHz frequency bands is developed
WBAN/WLAN/ISM/wearable IoT applications.

The simulations were carried out with the help of the “CST Microwave Studio
software®.” The fabrication and testing of all the presented antennas have also been

carried out.

1.19 METHODOLOGY
The design and development of the proposed wearable antennas were achieved
by a multi-step approach as discussed below:
e Designing of the Antenna
e Simulation of the Antenna
e Fabrication of the Antenna
e Measurement of the Antenna
The schematic for the methodology adopted in the current work is shown in Fig. 1.11.
1.19.1. Designing of the Antenna
This is the first and foremost step in the development of a wearable patch
antenna at desired frequency band(s). The shape and dimensions of the basic microstrip
patch antenna are calculated using the well-established formula available in the
textbooks and published literature. A reliable feeding technique is adopted to achieve
the desired results. A parametric analysis is done to get the optimized dimension of the

designed antenna.
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* Defining the designing goal with the specification of desired antenna
« Selection and Characterization of Materials
« Initial Antenna Design

+ Numerical Evaluation of the performance of designed antenna in free space and on
human body models

+ Optimization of the geometrical parameters to achieve the desired results

« Final Antenna Design

« Fabrication of the Antenna Prototype

* Measurement and Testing of the Fabricated Antenna

Measurement

Fig. 1.11. The methodology adopted in the current work

1.19.2. Simulation of the Antenna

The CST Microwave Studio software® is used for the simulation of the
presented work. It is a high-performing EM analysis software, which is used for
modelling, optimizing and analysing electromagnetic systems.

Initially, the basic microstrip-patch-antenna (MPA) is designed for the desired
band of operations. The properties of the designed antenna such as return loss, isolation,
axial ratio, bandwidth, surface current density, gain and radiation characteristics are
analyzed. The parameters of the antenna are optimized to achieve the desired results of
the antenna. For MIMO antennas, various properties such as ECC, MEG, DG and
TARC are evaluated. In the case of wearable antennas, the bending/crumpling analysis
and evaluation of SAR are also performed for the designed antenna.

1.19.3. Fabrication of the Antenna

Different approaches are followed for fabricating the non-textile and textile
antennas. For the fabrication of non-textile antennas, the .dxf file is exported to the
automated control proto-etch machine. Subsequently, the routing and milling processes
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are performed by the software installed in the automated machine and finally, the
fabrication process begins. For the fabrication of a textile antenna, the substrate material
was characterized using a radio frequency impedance/material analyzer (Agilent
E4991A). The radiating patch, substrate, and ground-plane of the desired antennas were
all created using manual cutting procedures. Then, the different layers of the antenna
are joined using a dry iron. Lastly, an SMA connector is soldered to the fabricated
antenna in both cases before proceeding with the testing and measurement of the
fabricated prototype.
1.19.4. Measurement of the Antenna

The experimental results were acquired with the help of an Agilent
Technologies “vector network analyzer (VNA) ” N5230A (frequency range: 10 MHz to
40 GHz). Initially, the calibration of VNA was done using mechanical equipment
comprising of a short, an open and a broadband load. After this, the frequency range of
operation was set before performing the analysis. Other characteristics of the designed
antennas, such as axial ratio, gain, radiation pattern and efficiency were measured with
the help of an Anechoic chamber. There was a small difference between the

experimental and simulated findings.

1.20 ORGANIZATION OF THESIS

The presented thesis is organized as follows:

In Chapter 1, firstly, a brief introduction about antenna and their types are
described. After that, an overview of the microstrip patch antenna, their feeding
techniques, advantages, disadvantages and applications are discussed. Secondly, an
introduction to MIMO along with its advantages and disadvantages is presented.
Thirdly, a brief description of Wireless Body Area Network (WBAN) and its frequency
bands of operation is given. Following this, the idea of non-textile and textile antennas
for WBAN is discussed. Afterwards, the advantages and disadvantages of fully textile
antennas are presented. Lastly, the challenges of designing wearable antennas and their
applications are discussed. In addition, the objective of the current thesis and the
methodology adopted is presented.

In Chapter 2, the importance of the literature review is discussed. It presents the

published work on non-textile and textile antennas for wearable applications. After this,
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a brief review of circularly polarized textile wearable antennas is presented. Lastly, a
review of textile MIMO antennas for wearable applications is done. It also details the
various strategies employed by the researchers to reduce mutual interaction amongst
MIMO system radiating antenna parts. It identifies the limitations of existing research
work and briefly explains the need for the current research.

In Chapter 3, a planar dual-band antenna for “ISM/wearable applications” is
presented. This antenna resonates over “902-928 MHz” and “2400-2480 MHz”
frequency bands to cover the lower and middle ISM bands. The low resonating
frequency band reduces the health hazards that may arise due to the exposure of RF
waves. The concept of slotting has been used to achieve dual resonance. The antenna
has a gain of 2.51 and 3.89 dBi for “902-928 MHz” and “2400-2480 MHz ” frequency
bands respectively. The antenna operates in permissible standard limits of SAR and can
be used as a flexible antenna for wearable applications.

In Chapter 4, a compact wideband flexible antenna for “wireless medical
telemetry services (WMTS)” is presented for wearable applications. This antenna
resonates over “1395-1400 MHz” and “1427-1432 MHz” WMTS bands. This is a low-
profile compact planar coplanar waveguide (CPW) fed antenna which can be easily
integrated. To cover the low frequency range, the antenna uses a meander-lined method
to increase the conducting path. In comparison to other wearable antennas, the antenna
has a large impedance bandwidth. The bending and SAR analysis are performed to
show that antenna can be used for wearable applications.

In Chapter 5, a dual-resonance ultra-miniaturized textile antenna is presented
for “ISM/wearable applications.” A microstrip line-fed C-shaped monopole and a
partial ground plane have been used in this antenna. The antenna covers “2.45 GHz”
and “5.8 GHz” ISM bands. This is a fully-textile antenna having a dimension of 20
mmx30 mmx1 mm. The antenna has bandwidths of 14.2% and 27.5% for ‘lower’ and
‘upper’ resonanting bands respectively. In addition, the characterization of various
textile fabrics is done to explore the possibilities of developing textile antennas. The
designed antenna is simple, compact, simple-to-construct and can be efficiently used
for wearable/textile applications. The antenna shows consistent on-body performance
under bending conditions. The SAR analysis is also performed to find the maximum

allowable input powers.
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In Chapter 6, a wideband textile multiple-input-multiple-output antenna is
presented for “industrial, scientific and medical (ISM)/wearable applications.” The
fully textile MIMO antenna covers a wide impedance band of “2.00-6.23 GHz " with a
very low radiation correlation between the radiating elements. The antenna uses a T-
shaped stub and three rectangular rings for reducing the mutual-coupling (achieving
low correlation) between the radiating antenna elements. The MIMO antenna has a size
of 76x37 mm? low envelope correlation coefficients, high diversity gain and a realized
gain of more than 2.88 dBi over the entire resonating band. The antenna has a compact
size, stable radiation patterns and reasonable on-body performance within the
acceptable limits of SAR.

In Chapter 7, a fully-textile dual-band dual-sense MIMO antenna is presented
for “WBAN/WLAN/ISM/Wearable 1oT Application.” The fully textile MIMO antenna
resonates in “2.18-3.29 GHz” and “3.92-6.90 GHz” bands and provides circular
polarization in the 4.92-5.94 GHz band. The antenna has an area of 43 mm x 92 mm,
isolation of more than 15 dB between the radiating elements, low ECC (envelope
correlation coefficient), high DG (diversity gain) and a realized gain of greater than
2.00 dBi over both resonating bands. The antenna uses a T-shaped stub, two triangular-
shaped stubs and a rectangular-shaped stub loaded on the backside of the antenna to
achieve the isolation between the radiating elements. The antenna can be easily
integrated into clothes and provides reasonably stable performance for both on-body
and off-body conditions. The SAR analysis performed for cubic and cylindrical
phantoms (mimicking human chest/back and arm) shows that the proposed antenna can
work efficiently. Hence, the antenna is a good candidate for a

In Chapter 8, the brief conclusion of this research is presented. It is concluded
that both non-textile and textile antennas can be used for wearable applications in
wireless body area networks (WBAN). It also sum up the outcomes and limitations of
the presented research along with the possible future scope for further study.
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Literature Review

LITERATURE REVIEW

The search and evaluation of the available state-of-the-art in the given domain
is called Literature Review. In a true sense, it is an overview of the previously published
work in a specific field of interest. It records the available literature concerning the
given subject. It plays a vital role in any kind of research as it critically analyzes the
gathered information to identify the gaps in the existing literature. It enables the
researcher to have an in-depth knowledge of the subject to understand the limitations

of the available theory and formulate areas for further research.

2.1 INTRODUCTION

In recent years, there has been a rapid growth in the area of wearable
applications mainly due to wearable antennas. Wearable Antennas refer to the systems
associated with the human body. Such antennas should be compact, robust, lightweight,
highly flexible, and efficient and should not affect the human body [27], [28].

In this chapter, the development and analysis of non-textile and textile
antennas are presented with an emphasis on novelty, compactness, linear and circular
polarized antennas for wearable applications. In addition, the textile MIMO antennas

are included in the succeeded sections.

2.2 NON-TEXTILE ANTENNAS FOR WEARABLE APPLICATIONS

In [29], a miniaturized wide-band antenna is presented for wearable
applications. It utilizes a coplanar waveguide (CPW) feed on a Rogers RO 3210
substrate. It is fed through a sub-miniature push-on (SMP) connector instead of a
traditional SMA connector. The use of an SMP connector assists in the overall size
reduction of the antenna as it is modelled along with the antenna. The designed antenna
occupies a volume of 7.90 mm x 16.38 mm x 1.25 mm. It covers the frequency range
of 4900-11000 MHz. The presented antenna can be used in the upper half of the ultra-

wide band.
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Fig. 2.1. Designed and Fabricated Prototypes of the antenna presented in [29]: (a) Antenna
Configuration and (b) Fabricated Prototype
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In [30], a novel, planar, via-free antenna (like an adhesive bandage) is
presented for on-body “wireless-medical-telemetry-service (WMTS) ” applications. The
antenna has a basic construction that allows it to be easily implanted into human tissue.
It can be used as a standalone antenna with coaxial feeding, or it can be combined with
a single-chip WMTS sensor. The designed antenna occupies a volume of 78.0 mm x
20.0 mm x 0.8 mm. It covers the frequencies of 1427-1432 MHz. The presented antenna

can be used in wireless body area networks (WBAN).
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Fig. 2.2. Photograph of antenna prototype presented in [30]

In [31], a smallest aperture coupling feeding network is presented for wearable
applications. It is utilised in wearable systems to reduce the area of the rigid “Printed
Circuit Board (PCB) ” carrying the circuitry and feeding the textile antenna. It utilizes
the periodic fingers loading the coupling aperture and a T-shape structure is printed at
the microstrip feed line's terminus. It can be easily integrated with any sensor chip. It
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has no vertical conducting parts, which aids to robustness when the antenna deforms.
The designed antenna occupies a volume of 100.0 mm x 100.0 mm x 3.0 mm. It covers
the frequencies of 2330-2490 MHz.

Fig. 2.3. Photograph of the antenna prototype presented in [31]: (a) Top View, (b) Bottom
View, (¢) Feeding Network PCB, and (d) Zoomed in connection

In [32], a dual-resonant bendable-antenna is presented for on-body
applications. It is excited using a coplanar-wave-guide (CPW) configuration. A flexible
substrate Rogers Ultralam 3850 is used as a substrate for exhibiting high flexibility. It
utilizes a monopole antenna with two narrow slots used for achieving the resonance at
2450 MHz. In addition to this; two inverted L-shaped slots are introduced to create
resonance at 5800 MHz. The arrow shape helps in getting the impedance matching at
both the resonant frequencies. The designed antenna occupies a size of 35.0 mm x 20.0
mm x 0.1 mm. It covers the frequencies of 2385-2495 MHz and 5500-6100 MHz.
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Fig. 2.4. Photograph of the antenna presented in [32](a) Antenna Configuration and (b)
Fabricated Prototype under Bending
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In [33], a dual-band flexible antenna is presented for on-body applications. It
utilizes a Kapton (Polyimide) substrate covered with a flexible magnetodielectric
nanocomposite polymer. The novel nanocomposite is made using carbon-coated cobalt
(CCo) covered with polyaniline (PANI). The morphology of the conjugated polymer
PANI is studied using scanning electron microscopy (SEM). The designed antenna
occupies a volume of 35.0 x 20.0 x 0.1 mm3. It covers the frequencies of 1800-2450
MHz (PCS and WLAN) and 5150-5825 MHz (wireless networks). Even in complicated
bending circumstances, the presented antenna proves to be a strong candidate for

wearable applications.

Fig. 2.5. Fabricated Prototype of the antenna presented in [33]

In [34], a paper substrate-based flexible antenna is presented for 2.45 GHz
ISM band applications. It utilizes a bendable photo-paper and adhesive copper-strips as
substrate and radiating antenna elements respectively. The performance functioning of
the antenna is analyzed for flat and bent conditions. Additionally, the functioning of the
antenna for human tissues is investigated. The designed antenna occupies a volume of
40.0 x 35.0 x 0.6 mm?3. It operates in the frequency range of 2330-2530 MHz. The

antenna can be used for an intra-body telemedicine system.
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Fig. 2.6. Photograph of the fabricated prototype presented in [34]: (a) Flat Condition and
(b) Bent Condition

In [35], a planar, dual-band printed antenna is proposed for wearable
applications. The receiving and transmitting antennas are printed on Kapton polyimide
and FR-4 substrate respectively. The flexible Kapton material is physically robust, very
durable, mechanically strong and distortion resistant to the harsh environment. The
antennas are based on split-ring resonators (SRRs). The dimensions of the antenna can
be optimized and hence the resonating frequencies of the antennas can be modified.
The designed antenna occupies an area of 15.0 mm x 14.0 mm. It operates at two
frequency bands of 2500 MHz and 4500 MHz.

< 7 mm > < 7 mm >

A

14 mm

1mm
ey

@ (b)
Fig. 2.7. Photographs of the antenna presented in [35]: (a) Designed Antenna (b)

Fabricated Antennas for Wireless Power Transfer

In [36], a microstrip-patch-antenna (MPA) with a metallic casing is presented
for wearable applications. The metallic casing is used to reduce the specific absorption
ratio (SAR) so that it can provide safe communication in all situations. The designed
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antenna measures 57.0 x 20.3 x 1.56 mm? in size. It operates at 900 MHz GSM and
2400 MHz ISM bands. A study on the effects of electromagnetic waves on the human
head with earrings of different sizes is performed to see the most destructive effects on
the human body. It produces 0.52 W/Kg and 0.25 W/Kg SARs at 900 MHz and 2400

MHz respectively. It can be employed in most of telecommunication applications.

‘\,
(©)
Fig. 2.8. Designed and Fabricated Prototypes presented in [36]: (a) Designed Antenna, (b)

Fabricated Antenna, and (c) Fabricated Antenna with Metallic Casing

In [37], a low-profile wideband antenna is proposed for wearable applications.
It is designed on a semi-flexible material of Duroid RT 5880. It utilizes a conventional
rectangular patch modified using rectangular slots with a partial ground plane. The
bandwidth of the antenna is enhanced using a hook-shaped stub with the ground plane.
The antenna shows reasonably good performance in the bending scenario. It also meets
the standard limits of SAR for an input power of less than 265 mW. The designed
antenna occupies a size of 17.0 mm x 25.0 mm x 0.787 mm. It covers the frequency
range of 1620-3000 MHz.
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Fig. 2.9. Photographs of the antenna presented in [37]: (a) Designed Antenna and (b)

Table 2.1. Non-Textile Antennas for Wearable Applications

Ref. Antenna size Im[ézci%nce gn;ﬁgsvﬁgfﬁ Gain Dielectric Material Re;c;rrllggce Application
Year | (mmxmmxmm) (MH2) (MH2) (dBi) (&) Covered Band(s)
[29] _ Rogers RO 3210 - uwB
2013 7.90x16.38x1.25 | 4900-11000 6100 4.8 (102) Wideband (Top Half)

[30] ) Duroid RT 5880 .
2014 78.0x20.0x0.8 1427-1432 4.3 4.19 2.2) Single WMTS
[31] _ FR-4 .
2017 100.0x100.0%3.0 2330-2490 160 5.6 4.3) Single ISM
2385-2495

[32] ) ' 110, 1.13, Rogers Ultralam 3850
2018 35.0x20.0x0.1 5500-6100 600 317 2.9) Dual ISM
[33] 18002450, 650, 1.05, Kapton (Polyimide) WLAN
2018 | 980%400x0.130 | 515, seop 675 312 (3.5) Dual
[341 | 400x350%06 | 2330-2530 200 2.00 Photo Paper single ISM
2018 0

15.0x14.0x0.17 2500 534 Kapton Polyimide
[35] ’ ’ (3.14) Dual ISM
2019 FR4

15.0x14.0x1.56 4500 4.49 (3.66)
[36] 900, 1.25, FR-4 GSM,
2019 57.0x20.3%1.56 2400 (4.3) Dual ISM
[37] ] Duroid RT 5880 .
2020 17.0%25.0x0.787 1620-3000 1380 2.50 2.2) Single WMTS

From Table 2.1, it is observed that various single and dual-band non-textile

antennas have been proposed for wearable applications. However, dual-band antennas

designed for ISM bands have targeted higher frequency bands only. Thus, there is a

need of designing a dual-band non-textile antenna for covering both lower and upper

ISM bands. In addition, the antennas designed for WMTS bands do not cover all

frequency bands. The WMTS bands are specially dedicated to remote health monitoring
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as it is an interference-free spectrum that prevents the overcrowded popular ISM bands.
Hence, there is a need to design a wideband flexible antenna that can cover two or three

frequency bands for WMTS applications.

2.3 TEXTILE ANTENNAS FOR WEARABLE APPLICATIONS

In [38], a flexible inverted-F shaped antenna (FlexIFA) is presented for
wearable applications. It introduces the concept of smart clothing in Bluetooth and
UMTS (Universal Mobile Telecommunication System) for unobtrusive wearable
applications. As far as the authors know, it is the foremost thin and flexible antenna
designed for commercial smart clothing. Here, a FlexIFA is studied for single as well
as dual-band operations. The antenna is designed to be placed on the sleeve of clothing.
The length of the longer and upper arms can control the lower and upper resonant
frequencies, respectively. The designed antenna occupies a volume of 42.0 mm x 50.0

mm x 20.236 mm. It covers frequencies of 2.20-2.50 GHz.

[

[l

Fig. 2.10. Antenna Configuration presented in [38]

In [39], A unique textile WLAN antenna is demonstrated for on-body
applications such as sporting and a paramedic uniforms. The substrate is made of fleece,
and the radiating elements (patch and ground) are made of knitted copper. The “cavity
perturbation method” is utilised to determine the fleece's dielectric measurement.The
designed antenna occupies a volume of 76.0 mm x 71.0 mm X 3.0 mm. It covers
frequencies of 2.20-2.53 GHz. The presented textile antenna is versatile and it can be
easily made operational at any desired frequency with the well-known available

methods for patch antenna designing.
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Fig. 2.11. Antenna Configuration presented in [39]

In [40], a study on the characterization of various textile fabrics is done with
special attention on GPS antennas for wearable applications. It considers five different
textile materials namely Fleece, Upholstery, Vellux, Felt and Cordura®. It utilizes a
square patch with cut-off corners to achieve right-handed circular polarization (RHCP).
It concludes that all the considered textile materials are appropriately suitable for CP
antennas. However, the flexibility of the textile material can cause difficulties in
maintaining the antenna's electrical performance characteristics. It is shown that the
Cordura® turns out to be the best material in terms of maintaining its mechanical

dimensions. In addition, it is highly resistant to water that makes it a smart-cloth.

;- Fabric

T3 Copper
Substrate

= 11-1T Groundplane

v

™
~ Ground width

Fig. 2.12. Antenna Configuration presented in [40]

M|
|

In [41], a textile antenna is presented for wearable applications with the main
focus on studying the antenna performance in close proximity to a person's body. The
paper addresses various issues such as input-match performance, radiation
characteristics, power absorbed by the human body and values of specific absorption
ratio (SAR) for 1 g tissue at “2.45 GHz ISM band” under the influence of the human
body. It uses two different models for studying the performance of the antenna. It
makes use of a Torso model made from CT and MRI pictures of a genuine human body

with cell size of 4.0 mm x 4.0 mm % 4.0 mm. Another simplified three-layer arm model
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containing skin, muscle and bone with a cell size of 1.00 mm x 1.00 mm x 1.00 mm is
also used. The electrical parameter of each of the tissue around 2.4 GHz is obtained
from the data published in [42]. The designed antenna occupies a volume of 72.0 mm

x 66.0 mm x 8.0 mm. It covers the frequencies of 2.20-2.70 GHz.

Fig. 2.13. Antenna Configuration presented in [41]

In [43], a dual-band textile antenna is presented for wearable applications. It
uses a U-shaped slot structure mounted on a fleece fabric utilized as a dielectic. The
conducting elements are made up of adhesive copper strips. The designed antenna
occupies a volume of 110.0 mm x 130.0 mm x 3.5 mm. It covers the frequency spectra
of 188-1.94 GHz and 2.42-2.48 GHz.

5] L |
Fig. 2.14. Antenna Configuration presented in [43]

In [44], wearable applications will benefit from a dual-band E-shaped patch
textile antenna. The antenna covers 2.2 GHz and 3.0 GHz frequency bands. The lower
and upper frequencies of resonance are determined by the length of the antenna's outer

and inner arms respectively. The designed antenna occupies a volume of 150.0 mm x
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180.0 mm x 4.0 mm. It covers the frequency spectra of 2.15-2.25 GHz and 2.945-3.055
GHz.

5

Fig. 2.15. Antenna Prototype (Fabricated) of the antenna presented in [44]

In [45], a new “ultra-wide-band (UWB) " textile antenna is presented for the
“wireless body area network (WBAN).” The antenna uses Nora, a high conductive
metalized Nylon fabric, as a conductive material. The surface resistivity of its three
metalized layers (Ni/Cu/Ag) is 0.03/square, which provides extreme flexibility and
protection against corrosion. A substrate material of 0.5 mm acrylic fabric is employed.
As adhesive sheets can be evenly applied as a thin layer on conducting material by
ironing, it is used to unite conductive and non-conductive elements of the antenna.
Here, two different textile antenna designs are given. Firstly, it proposes a ultra-wide-
band disc-monopole antenna excited by a coplanar line. Secondly, a UWB annular slot
antenna that is fed by a small microstrip-line is presented. The designed antennas show

the possibility of transmitting very short UWB pulses using textile antennas.

TOP : BOTTOM

(b)
Fig. 2.16. Antenna Prototypes presented in [45]: (a) Disc Monopole CPW Antenna and (b)

Annular Slot Circular Antenna

In [46], the development of four different rectangular patch textile antennas are
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presented for the 2.45 GHz WLAN band. It employs four different textile materials
namely Wash Cotton, Curtain Cotton, Polyester and Polycot for the development of
antennas. Copper is used for the conductors, the radiating patch, and the ground plane.
It determines the impedance and radiation characteristics experimentally in flat
positions of the antennas. It also examines the antennas' performance under bending
situations to ensure that they are compatible with wearable applications. The results

show that these antennas are suitable for on-body wireless communications.

Ci
- (Copper)

| Substrate (Fabric)

Patch (Copper)

Fig. 2.17. Antenna Configuration presented in [46]

In [47], anovel dual-band textile antenna is presented for wearable applications.
It utilizes a half-mode SIW cavity and brass eyelets for the realization of the antenna.
The concept of shorting vias and slots is used for miniaturization. The antenna
radiations are directed away from the wearer. The designed antenna occupies a volume

0f 64.6 mm x 61.7 mm x 3.94 mm. It operates the frequency spectra of “2.4-2.48 GHz”

(b)
Fig. 2.18. Photographs of the antenna presented in [47]: (a) Designed Antenna and (b)

Fabricated Antenna
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and “5.72-5.87 GHz.” The antenna design is appropriate for wearable electronics that

are worn on the body.

In [48], a miniaturized textile antenna is presented for wearable applications. It

relies on quarter-mode substrate integrated waveguide (QWSIW) topology for

achieving compact dimensions and high isolation from the body of the wearer. The

designed antenna occupies a volume of 63.9 mm x 63.9 mm x 3.7 mm. It covers the

frequency spectra of 2.4-2.5 GHz. The proposed antenna is excellently suitable for off-

body communication in wearable systems and provides stable on-body performance.
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Designed and Fabricated Prototype of the antenna presented in [48]

In [49], a Louis Vuitton (LV) Logo textile antenna is presented. It uses leather

and conductive textile as a substrate and radiating antenna. The antenna has a realistic

logo size that can be used for wireless anti-theft and wireless communication for

/ Coaxial feed -~

Conductive
fabric
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= |
~ Conductive |
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Fig. 2.20. Photographs of the antenna presented in [49]: (a) Designed Antenna and (b)

Fabricated Prototype
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fashionable wearables. The designed antenna occupies a volume of 180.0 x 180.0 x 3.5
mm?3. It covers the frequencies of 2.31-2.54 GHz and 4.12-4.39 GHz.

In [50], a textile antenna with a cavity-backed SIW is presented for off-body
wearable applications in a 2.45 GHz ISM radio band. It uses metamaterial-inspired slots
for the reduction of antenna size. The designed antenna occupies a volume of 74.5 mm
x 48.0 mm x 3.0 mm. It covers the frequencies of 2.40-2.50 GHz.

N\ LZZ7
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Fig. 2.21. Photographs of the antenna presented in [50]: (a) Designed Antenna, (b) Front

View of Fabricated Antenna, and (c) Back View of Fabricated Antenna

In [51], a fully flexible textile antenna is presented for a 5.80 GHz ISM band
for wearable applications. It uses conventional copper and woven electro-textile
material as conducting parts to explore the wearability of the antenna in real-time. The
dielectric properties of the non-conducting textile material are measured using two
different methods namely: microstrip ring resonator method and Dielectric Assessment
Kit (DAK) Equipment. The designed antenna occupies a volume of 40.0 mm x 40.0

mm x 0.6 mm. It covers the frequencies of 5.40-6.00 GHz.
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(b)

(c)
Fig. 2.22. Photographs of the antenna presented in [51], Fabricated Prototypes using
different conductive parts: (a) pure copper antenna, (b) e-textile in the patch and pure

copper in-ground, and (c) fully electro textile antenna

In [52], a low-profile light-weight and miniaturized textile antenna is presented
for 2.40 GHz ISM band applications. It uses appropriate loading of rectangular slots
with strip lines to form an inverted E-shaped radiator. The equivalent circuit of each
slot and strip line is used to form the overall equivalent circuit of the presented antenna.
The designed antenna occupies a volume of 20.0 mm x 30.0 mm x 0.7 mm. It covers
frequencies of 2.20-2.53 GHz. The presented antenna can be incorporated into wearable
systems and is a good candidate for ISM band applications due to its small size, low

fabrication cost and acceptable radiation performance.

20.00

00°0€
00°0€

(1]c0

(@ (b)
Fig. 2.23. Antenna Prototypes presented in [52]: (a) Designed Configuration and (b)
Fabricated Antenna
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In [53], a planar inverted-F textile antenna is presented for WLAN wearable
applications. The structure is formed by using wool felt as substrate, nylon fabric as
conductive element and hollow copper rivets. A pair of shorting pins and etched slots
are used for achieving additional wide bandwidth. The antenna provides dual
resonances of TMo,12 and TMo,32 modes. The designed antenna occupies a volume of
35.0 mm x 45.0 mm x 2.0 mm. It covers frequencies of 2.20-2.53 GHz.

.
b o = |,
;s 5 W
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e 1 -
"% &6 b | SMA

Feed point "\

Wool felt

horting pins

(b)
Fig. 2.24. Antenna Prototype presented in [53]: (a) Designed Configuration and (b)
Fabricated Prototype

From Table 2.2, it is observed that the textile antennas designed for wearable
applications are very large. The antenna presented in [52] is small-sized but it covers
only one frequency band. Hence, there is a need of designing a dual-band miniaturized

antenna for wearable applications.
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Table 2.2. Textile Antennas for Wearable Applications

. Impedance Impedance . Dielectric . SAR Application
Ref. Antenna Size - Gain ; Conductive (W/Kg)
Band Bandwidth . Material . Band
Year (mmxmmxmm) (dBi) Material (For 500
(GHz) (MHz2) (&) mw)
[38] ) Flexible .
2002 42.0x50.0%0.236 22-25 300 22 (3.29) UMTS
[39] 2.4125- Fleece Knitted WLAN/
2003 | 60x710x30 24875 ® 682 1 (1 ) Copper Bluetooth
130.0x130.0x4.0, U Fr:gf;’tir
g | 1300x1300<11, Q/e”ux Y
2003 130.0%130.0%5.0, - Felt ' Copper Tape GPS
130.0x130.0%4.0, Cordur’a®
130.0x130.0x0.5 (11-1.7)
0.00027
[41] ) . Fleece Knitted 19)
2004 72.0x66.0%8.0 2.2-2.7 500 (L1) Copper 0.00215 ISM
(19)
[43] 1.88-1.94, 60, 9.26, Fleece _ GSM 1900
2004 | 1100x130.0x35 | 5 455 48 60 7.99 (11) Copper Tape WLAN
0.0006
[44] 2.15-2.25, 100, Felt (1g),
2005 | 1500x180.0x40 | 5 g45 3 055 110 (11) Copper Tape | 5 55025
(19
Acrylic Nora
[45] 30.0x20.0x0.5 i . - (Conductive
2006 |  30.0x30.0x05 3.10-106 7500 Fabric Metallized uws
(2.6 +0.1) :
Nylon Fabric)
Wash
Cotton
(1.51)
120.0x120.0x3.00 2.385-2.494, 108.97, 6.95, Curtain
[46] 120.0x120.0x3.00 2.386-2.493, 106.91, 7.04, Cotton
2010 | 120.0x120.0x2.85 | 2.396-2.483, 8731, | 773 |  (47) Copper WLAN
120.0x120.0x3.00 2.376-2.483 106.05 -—- Polyester
(1.44)
Polycot
(1.48)
0.5500
[47] 2.4-2.48, 80, 4.2, Foam Pure Copper 19),
2014 | 646x61.7x3.94 5.72-5.87 150 55 | (1.495) Taffeta 0.9000 ISM
(19
[48] B Foam Pure Copper 0.4500
2015 63.9x63.9%3.7 24-25 100 44 (1.495) Taffeta (19) ISM
[49] 2.31-2.54, 230, 0.29, | Leather
2015 | 1800x180.0x35 4.12-4.39 270 3.05 (2.5) zell ISM
[50] Wool Felt Sheildit 0.3800
017 74.5x48.0%3.0 24-25 100 5.35 (L.4) Super (100) ISM
[51] . Jeans Copper Tape,
2018 40.0%40.0%0.6 5.4-6.0 600 2.45 (1.78) Electrotextile ISM
[52] Denim .
2018 20.0x30.0x0.7 2.2-2.53 330 2.05 (L7) Sheildlt ISM
0.9307
[53] Wool Felt (19
2019 35.0%x45.0x2.0 5.15-5.825 675 5.90 1.2) Nylon 0.4016 WLAN
(109)
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2.4 CIRCULARLY POLARIZED TEXTILE ANTENNAS FOR WEARABLE
APPLICATIONS

In [54], a novel circularly polarized (CP) textile antenna is presented. As
reported, it is the first CP textile antenna. It shows that sophisticated antenna design
methods are applicable to flexible textile antennas. It utilizes a single inset feeding for
exciting the antenna. The concept of truncated corners along with a slit in the patch is
used for achieving circular polarization. The measurement of Si1 of the antenna was
found to be complicated because of the 75Q impedance of the feedline and flexible
textile substrate. A special PCB board having two connectors, an in-house designed
PCB connector on one side and an SMA connector on the other side, is deployed for
the measurement. The time-domain reflectometry (TDR) method was used to extract
the S11 to overcome the discontinuities that arise from different impedances. The
designed antenna occupies a volume of 110.0 mm x 60.0 mm x 6.0 mm. It covers the
frequencies of 2.10-2.76 GHz.

PCB-antenna
connector

......

. fine '- e
Fig. 2.25. Fabricated Prototype of the antenna presented in [54]

In [55], The foremost textile planar antenna is shown, which is made of flexible
protective foam and is appropriate for firefighters' uniforms.. It uses a 3.94 mm flexible
protective foam as a substrate. Shieldit Super and FlecTron are employed as conducting
materials for radiating patch and ground plane respectively. It utilizes a rectangular
patch with truncated corners to achieve circular polarization in the resonating band. The
designed antenna occupies a volume of 66.0 mm x62.0 mm x 3.94 mm. It operates in
the “2.4000-2.4835 GHz ISM band.”
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— Foam substrate

Conductive fabric

Fig. 2.26. Fabricated Prototype of the antenna presented in [55]

In [56], a circularly polarized textile antenna is presented for Iridium Satellite
System. It achieves circular polarization by using a diagonally fed square-shaped patch
antenna with a slot in the center. It primarily focuses on the analysis of radiation
characteristics and antenna bending effects. The antenna is designed to take up a

volume of 110.0 mm % 110.0 mm x 3.0 mm.

110
69
10
T

67
110

Fig. 2.27. Fabricated Prototype of the antenna presented in [56]

In [57], the possibility of creating a dual-band, flexible, and durable textile
antenna for wearable applications is presented. It uses Cordura and Ballistic textile
fabrics as substrates. Silver and copper-plated nylon fabric are used for the radiating
patch and the ground plane, respectively. The textile layers are joined by sewing to
avoid the losses caused by liquid adhesives and keep the structure bendable. The
antenna maintains a right-hand-circular-polarization over 53 MHz operating band even
under bending circumstances. The antenna's diversity performance is also investigated
using the coverage area and isolation between two antennas. The suggested antenna
measures 115.0 mm x 115.0 mm x 3.00 mm in size. It operates in “1575 MHz GPS”
and “1621.35-1626.50 MHz Iridium Satellite System bands. ”
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Fig. 2.28. Fabricated Prototype of the antenna presented in [57]

In [58], bending effect on the functioning of a CP textile antenna for wearable
applications are investigated.. It uses a rectangular slot created along the diagonal axes
for achieving circular polarization and partial and slotted ground for bandwidth
enhancement. The bending effects are analyzed in xz and yz planes by placing the
antenna on two cylindrical-shaped plastic bottles of different radii. The antenna's
overall performance improves when it is bent in the direction of operating-resonant
length. The designed antenna occupies a volume of 90.0 mm x 90.0 mm x 1.0 mm. It

operates in the 2.42-2.58 GHz frequency band.

(@) T
Fig. 2.29. Photograph of the antenna presented in [58]: (a) Front View and (b) Back View

In [59], for the 2.45 GHz band, a circularly polarized cloth antenna is presented..
To achieve CP, the antenna uses a complete ground plane and a square-shaped radiating
element with an inverted z-shaped asymmetrical slot in the patch's center. A phase
difference of 90 degrees is utilized to stimulate two perpendicular components of the
electric field by incorporating a z-shaped slit. The antenna has a bandwidth of about 6.7
percent impedance and an axial ratio bandwidth of 80 MHz. The designed antenna

measures 70.0 mm x 70.0 mm x 1.0 mm in size. It covers frequencies of 2.42-2.59 GHz.
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v

Ws
Fig. 2.30. Antenna Configuration presented in [59]

In [60], a dual-band CP textile antenna is presented for wearable applications.
It consists of a complete ground plane and a slotted split-ring patch. The antenna
provides dual-band coverage for 4G LTE and ISM bands. The designed antenna
measures 70.0 x 70.0 x 3.0 mm? in size. It covers the frequencies of 1.76-1.83 GHz and

2.36-2.76 GHz.

(@) | (b)
Fig. 2.31. Photographs of the antenna presented in [60]: (a) Antenna Design and (b)
Fabricated Prototype

In [61], for wearable applications operating in the ISM bands, a dual-resonant
dual-polarized textile antenna is presented.. The antenna is made up of a circular patch
having eight slots. It uses TM11 mode for the first operating band used for off-body
mode and TMo2 mode for the second operating band used for on-body mode. The
antenna has broadside and vertically polarized monopole-like radiation patterns in the
first and second bands respectively. The designed antenna occupies a volume of 100.0
x 100.0 x 2.0 mm?3, It covers the frequencies of 2.398— 2.517 GHz and 5.697- 5.915
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GHz. The antenna is suitable for a wireless body area network (WBAN) because of its

on-body robustness.

Top Side
view view

SMA
/
=

Ground
/ plane

(b)
Fig. 2.32. Designed and Fabricated Prototypes of the antenna presented in [61]: (a)
Antenna Configuration and (b) Fabricated Prototype

In [62], a circularly polarized triple-band antenna is presented for WLAN, C
and X/Ku bands for wearable applications. It consists of a radiating patch and a defected
ground plane. The parametric study of the antenna is given to validate its proper
functioning. The dielectric constant (er) of the substrate material is determined using
both resonant and non-resonant approaches.The designed antenna occupies a volume
of 25.0 x 25.0 x 1.0 mm?. It covers the frequencies of 3.4-4.3 GHz, 4.7-8.4 GHz and

10.3-14.1GHz. The presented antenna has good gain and radiation performances with

acceptable SAR values.

-

@ 2 (b)
Fig. 2.33. Photographs of the antenna presented in [62]: (a) Antenna Design and (b)

Fabricated Antenna

-
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Table 2.3. Circularly Polarized Textile Antennas for Wearable Applications

. Dielectric . . Impedance | Impedance AXi?I AXi?I Applica
Ref. Antenna Size . Conductive Gain - Ratio Ratio -tion
Material . . Band Bandwidth
Year (mmxmmxmm) @) Material (dBi) (GH2) (MHz2) Band BW Band
& (GHz) (MHz)
Polyamide Nickel-
[54] Spacer Plated ) B
2004 110.0x60.0x6.0 Fabric Woven 2.1-2.76 660 2.29-2.36 70 ISM
(1.15) Textile
[55] rotacnve | Shieldi
66.0x62.0x3.94 Super, 6.99 2.32-2.55 230 2.36-2.54 180 ISM
2009 Foam
(1.52) FlecTron
[56] Cordura Woven 1.600- Iridium
110.0x110.0x3.0 (1.88,1.91, Conductive 1.605-1.670 65 ' 20 satellite
2010 : 1.620
1.67) Textile system
Cordura
(1.88,1.91, Silver & 1575
[57] 1.67) Copper 1o 1.575, Iridium,
2011 | MSOXS0E0 H goiiic Plated 780 ) Lz 8 16250 28 GPS
1.46, 1.46, Nylon '
(1.38)
[58] Jeans Copper B 2.420-
2015 90.0x90.0x1.0 (1.68) Tape 2.25 2.42-2.58 160 2 455 35 ISM
[59] Fleece Copper B B
2017 70.0x70.0x1.0 (13) Tape 2.42-2.59 170 2.42-2.50 80 ISM
[60] 20.0x70.0x3.0 Felt Shieldt 1.76-1.83, 70, 1';%5?2' 40, | 4GLTE,
2018 ' T (1.44) Super 3.2 2.36-2.76 400 2.485 70 ISM
Nickel &
2.398-
Copper 2.448-
[61] Felt 5.93, 2.517, 119,
2020 100.0x100.0x2.0 (1.2) Coated 6.02 5 697 218 2.472, 24 ISM
Polyester £ 915 ---
Fibre )
[62] Jeans Copper 5.2, 3.4-43, 900, 47-52, 500,
J020 | 25:0x25.0x10 @ T;’pe 4.18, 4.7-8.4, 3700, 59-6.2, 300,
: P 462 | 103-14.1 3800 11.8-13.1 | 1300

2.5 TEXTILE MULTIPLE-INPUT-MULTIPLE-OUTPUT ANTENNAS FOR
WEARABLE APPLICATIONS
In [63], for wearable applications, a dual-polarized cloth MIMO antenna is

presented.. It consists of a square patch with two inputs to ensure the radiation or

v -

(€Y (b)
Fig. 2.34. Photographs of the antenna presented in [63]: (a) Designed Antenna and (b)
Fabricated Prototype
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detection of two orthogonally polarized waves. The antenna works for the 2.45 GHz
ISM band. The designed antenna measures 110.0 mm x 110.0 mm x 1.05 mm in size.
It operates in the 2.40-2.50 GHz frequency band.

In [64], a novel foldable thin four-elements electro-textile antenna array is
presented for MIMO mobile router applications. A single rectangular conductor is used
to form two antennas with two ports for space minimization. A slit is formed between
the radiating elements for lowering the mutual coupling among the radiating elements.
In addition, a decoupling slit is introduced in the ground plane for achieving the same
purspose for MIMO applications. The antenna offers an isolation of greater than 15 dB
in 1.6 to 3.1 GHz frequency range. The designed antenna measures 168.0 mm x 96.0

mm x 1.2 mm in size. It covers the frequency range of 1.40-5.00 GHz.

80

Felt textile substrate

@ (b)
Fig. 2.35. Antenna Prototypes presented in [64]: (a) Antenna Configuration and (b)
Fabricated Prototype

In [65], a dual-resonant textile MIMO antenna based on SIW is presented for
wearable applications. To accomplish ISM and WLAN bands, it alters the modes of
resonance by using a through in the SIW cavity. The suggested antenna's two elements
are assembled in six distinct configurations to evaluate “mutual-coupling” and
“envelope-correlation-coefficient” performance in order to confirm its suitability for
MIMO applications. The designed antenna occupies a volume of 92.3 mm x 101.9 mm
x 3.0 mm. It operates in “2.367-2.530 GHz” and “5.147-5.863 GHz ” frequency bands.
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Fig. 2.36. Antenna Prototypes presented in [65]: (a) Antenna Configuration and (b)

Fabricated Prototype

In [66], a novel dual-resonant quad-mode SIW Textile MIMO antenna is

presented for body-worn applications. The antenna uses copper vias of diameter 2.8

mm for making electric walls for designing SIW resonators. It reduces coupling

between antenna parts by using a single slot in the ground plane. The designed antenna

occupies a volume of 122.0 mm x 115.0 mm % 4.1 mm. It operates in the 2.36-2.52

GHz and 4.9-6.2 GHz frequency ranges.

Top View

115mm

(@)

122mm

(b)

Fig. 2.37. Antenna Configuration presented in [66]: (a) Top View and (b) Back View

In [67], a textile MIMO Yagi-Uda antenna at Millimeter-Wave-Band (mmW)

is presented for on-body communications. The antenna uses ten directors for achieving

high directivity. Then antenna is designed to be used as a textile sensor on the human

body for collecting various physiological parameters for wireless health monitoring.

The designed antenna measures 26.0 mm x 9.0 mm in size. It operated in 57.0-64.0

GHz frequency band.
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X,

mmmmm .

Fig. 2.38. Antenna Configuration presented in [67]

In [68], a small-size single-layer MIMO antenna made up of textile material is
presented for body-worn applications. It utilizes a small ground plane capacitively
loaded using two conducting strips along the two edges that are orthogonal as a radiator.
It uses the theory of characteristic mode for antenna design and analysis. Each of the
antenna elements has a dipole-like radiation pattern. The antenna elements have an
isolation of greater than 12 dB with pattern and polarization diversities. The proposed
antenna measures 38.1 x 38.1 x 2.0 mm?3 in size. It operates in the 2.40-2.485 GHz

frequency band.

Port1l

(b)
Fig. 2.39. Antenna Prototypes presented in [68]: (a) Antenna Configuration and (b)

Fabricated Prototype

In [69], a compact wideband textile MIMO antenna is presented for body-worn
applications. Several designs are used for investigating the decoupling between the
antenna elements. Finally, a “microstrip neutralization line (MNL)” is used for
achieving the port isolation of greater than 32 dB. The designed antenna occupies a
volume of 30.0 x 50.0 x 1.5 mm?®. It covers the frequency range of 3.14-9.73 GHz and
fulfils the bandwidth requirements of WiMAX, WLAN, C-band downlink-uplink,

downlink defence and ITU bands.
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(a) (b)
Fig. 2.40. Antenna Prototypes presented in [69]: (a) Antenna Configuration and (b)
Fabricated Prototype

In [70], for body-worn applications, a compact wideband textile MIMO antenna
with good isolation is given.. It utilized two “I” shaped stubs connected in series and
employed on the ground plane for reducing the mutual coupling between the antenna
elements. At 2.40 GHz and 5.92 GHz, it has lowest and highest port isolations of 22.0
dB and 53.0 dB, respectively. The antenna measures 40.0 mm x 70.0 mm x 1.0 mm in
size. It covers the frequency range of 1.83-8.00 GHz and can be used for WiMAX,
WLAN and C-band downlink-uplink applications.

(a) " (b)
Fig. 2.41. Antenna Prototypes presented in [70]: (a) Antenna Configuration and (b)
Fabricated Prototype
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In [71], a two-element “ultra-wide-band (UWB)” textile MIMO antenna is
presented for wearable applications. It achieves low mutual coupling over the whole
frequency range by placing an '8’ shaped stub in the centre of the partial ground plane.
The designed antenna measures 35.0 x 55.0 x 1.5 mm? in size. It can be utilised for

UWAB applications and has an operating range of 2.74-12.33 GHz frequency band.

Port2

Substrate

&7l

Gs[]
Ga ﬁﬂa X
Ground Plane lG1

(@ (b)
Fig. 2.42. Antenna Prototypes presented in [71]: (a) Antenna Configuration and (b)

Fabricated Prototype

In [72], two and four elements dual-polarized dual-wideband textile MIMO
antenna is proposed for WLAN and WiMAX applications. The antenna's diversity
performance (ECC, MEG, DG and TARC) is improved by using meandered-line
arrangements on both planes. The two-element MIMO antenna provides linear
polarisation at all necessary frequencies, whereas the four-element MIMO antenna
gives CP at 2.40 GHz and LP at 5.20 and 5.80 GHz. The designed antenna measures
110.0 x 97.0 x 1.4 mm?® in size. It covers the frequency ranges of 1.50-3.80 GHz and
4.10-6.10 GHz.
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16.5 13.4 mm
mm

(b)
Fig. 2.43. Antenna Prototypes presented in [72]: (a) Antenna Configuration and (b)
Fabricated Prototype

In [73], a compact low mutual coupling textile MIMO is presented for 2.4 GHz
ISM band applications for “wireless-body-area-network (WBAN). " It uses an inverted
S-shaped radiator as an antenna element. The isolation between the radiating elements
is achieved by inserting slots in the ground plane. The designed antenna measures 40.0

mm x 86.0 mm x 1.6 mm in size. It covers the frequency ranges of 2.42-2.47 GHz.

Ws

Gnd

(@) (b)
Fig. 2.44. Antenna Configuration presented in [73]: (a) Front View and (b) Back View

In [74], a two half-ring-typed textile MIMO antenna is proposed for wearable
applications. With the use of a defective ground structure, it provides greater than 15.5
dB isolation over the full operational frequency range. The designed antenna occupies
a volume of 100.0 x 60.0 x 1.0 mm?. It covers the frequency spectra of 6.95-16.46 GHz
and fulfils the bandwidth requirements of ITU band, full X-band and Ku-band

downlink-uplink application bands.
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(@) (b)
Fig. 2.45. Antenna Configuration presented in [74]: (a) Front View and (b) Back View

In [75], a two-element textile MIMO antenna is presented for wearable
applications. It utilizes a unique split ring resonator meta-inspired decoupling structure
to reduce the correlation between the antenna elements. It offers an isolation of lower
-18 dB, -38 dB and -34 dB at 2.40 GHz, 5.20 GHz and 5.80 GHz respectively. The
designed antenna occupies a volume of 16.0 x 20.0 x 1.0 mm?3. It is designed to cover
the frequency spectra of Bluetooth (2.45 GHz), WiMAX (3.50 GHz), IEEE 802.11a
and b/g/n WLAN applications. It covers the frequency ranges of 1.34-3.92 GHz and
4.34-6.34 GHz.

g

s Y g 11 e
A | i
e W ol 111551 || s W Wl
— | &d]

@ (b)
Fig. 2.46. Photographs of the antenna presented in [75]: (a) Designed Antenna and (b)
Fabricated Prototype

Table 2.3 presents various circularly polarized textile antennas while Table 2.4
presents the textile MIMO antennas for wearable applications. Most of the textile
MIMO antennas presented in existing literature have very low resonance bandwidth
except very few. Thus, there is a need for more textile MIMO antennas having novel

compact designs and wide resonance bandwidth. In addition, the dual-band textile
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MIMO antennas presented in the literature exhibits linear polarization for both

resonating bands except [72]. Hence, the dual-band dual-polarized or dual-band

circularly polarized textile MIMO antennas are needed.

Table 2.4. Textile Multiple-Input-Multiple-Output Antennas for Wearable Applications

Axial
Gap Impedance Ratio
Ref Area No. of Substrate between Band/ Band Polarization Application
Yea'r (mmxmm) Elements (&) Elements Bandwidth (GHz)/ PP
(mm) (GHz) Bandwidth
(MHz)
Z[gi’]z 110.0x110.0 2 '(:168;; 2'48 '12(')50/ Linear Wearable
Z[gﬂs 168.0x96.0 4 (f (allfl) 1'43(,) '65(')00/ Linear Wearable
2.367-2.530/
[65] Felt 0.163, .
2015 92.3x101.9 2 (1.30) 10 5.147.5.863/ Linear Wearable
0.716
2.40-2.50/
66 0.100, .
2[01]7 1220~1150 2 Nylon-Taffet 13 4.9-6.3/ Linear Wearable
1.400
67 57.0-64.0/
2[0133 26.0x9.0 2 () 25 7.00 Linear Wearable
68 Felt 2.40-2.485/
2[01]8 38.1x38.1 2 (1 20) 10 0.085 - Linear Wearable
Z[g?]g 30.0x50.0 2 J(iag)s 7 3'1g '59973/ Linear Wearable
70 Jeans 1.83-8.00/
2[01]9 40.0x70.0 2 (l 6) 7 6.17 - Linear Wearable
2[31]9 35.0x55.0 2 J(iagf 2'71;'% 33/ Linear Wearable
1.50-3.80/
2.20-2.48/ .
[72] Jeans 2.30, Circular,
2020 | 1100X970 4 (1.77) 10 410-6.10/ 80, Linear Wearable
2.00
2[33% 40.0x86.0 2 J(iag)s 23 2'43 _5547/ Linear Wearable
2[3‘2% 16.0x20.0 2 J(iagf 3 6'9%'2?'46/ Linear Wearable
1.34-3.92/
[75] Jeans 2.58, .
2020 100.0x60.0 2 (1.6) 135 434634/ Linear Wearable
2.00
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“I happen to have discovered a direct relation between magnetism
and light, also electricity and light, and the field it opens is so large
and I think rich.”

Michael Faraday






A Planar Dual-Band Antenna For ISM/Wearable Applications

A PLANAR DUAL-BAND ANTENNA FOR ISM/WEARABLE
APPLICATIONS

In this chapter, the designing, modelling, analysis, fabrication and measurement
of a planar, dual-band antenna for ISM band applications is proposed. The antenna
comprises of a ground plane, a rectangular patch, and a microstrip feed line of 50 Q.
The antenna patch is loaded with several slots to obtain dual resonances in the range of
902-928 MHz and 2400-2480 MHz, covering the lower and higher ISM band
frequencies, respectively. The proposed antenna design is validated using simulated and
measured results. The specific absorption rate results show that the proposed antenna

operates within the approved standard limits and can be used as a flexible antenna.

3.1 INTRODUCTION

Due to the increasing demand for wearable electronics systems, the wireless
body area networks (BANSs) and biotelemetry devices have gained considerable
attention, recently. With the rapid growth of wearable technology in health monitoring,
telecommunication, search/rescue operation, and various other civil and military
applications, the designing of wearable antennas has garnered significant attention from
researchers and engineers [76]. The IEEE 802.15 standards group was formed to
specify on-body, off-body, and in-body communication applications in support of body
communication systems. Body-centric communication (BCC) has firmly established
itself within the realm of “personal area networks (PANs)” and “body area networks
(BANS) [77].” Recent advances in wireless technology led to the advent of BANS,
which is an active research area as it has great potential for improvement in the above-
mentioned applications, particularly in the healthcare sector [78]. Numerous
heterogeneous biological sensors are placed on various regions of the body or implanted

beneath the skin in wireless BANSs. Several communication nodes are situated near the
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human body in BCC, and a wearable antenna is a critical component of BAN
communication [79]. Various wearable antennas have been designed for wireless local
area networks (WLANS) [80], [81], industrial, scientific and medical bands (ISM) [33],
[82] and personal communication services (PCSs) [33], [81] applications. Wearable
antennas require shielding when the antenna in close proximity to the human body. A
complete ground can be used to serve this purpose so that the wearable antennas can
communicate efficiently without harming the human body exposed to the radio
frequency (RF) energy, as characterized by the specific absorption ratio (SAR) [83].
The wearable technology not only unfolds the structural designs but also opens the field
of material science to explore high-quality flexible dielectric and conducting materials
for the RF/microwave range. This has led to many low loss flexible materials to be used
as substrate and conducting strata, such as Ninja Flex [84], Cordura and Ballistics [57],
Piezo-resistive Polymer [85], Polyimide [86] Zelt, Flectron, Pure Copper Polyester
Taffeta, Shieldlt [87], etc.

Recently, several antennas have been designed to cover the ISM bands (433.95
MHz, 867 MHz, 915 MHz, 2380 MHz, 2450 MHz, and 5800 MHz). However, most of
them are single-band antennas [31], [79], [88]-[90]. A few of them, which are dual-
band have targeted higher frequency bands [18], [35], [49], [65], [91]. The proposed
antenna covers lower frequency bands, to minimize the health hazards associated with
radio wave exposure, and covers ISM band applications. The designed antenna
resonates at two frequencies centred around 918 MHz and 2450 MHz. The fractional
bandwidths of the two bands are 2.39 % and 3.26 %, respectively. A comparison of the
presented built-in prototype with other reported works is given in Table 3.1.

This chapter is organized as follows: Section 3.2 gives an insight into the
designing and analysis of the proposed antenna using CST microwave studio [92]. The
overall size, patch length, and effective loading of the patch using slots to excite dual-
band resonance are explained in this section. Section 3.3 provides a parametric analysis
of the proposed antenna. In Section 3.4, simulated and measured reflection coefficients
and radiation characteristics are provided. The simulated current density is also
provided in the same section. The antenna's on-body performance, such as bending
analysis and SAR, are provided in Section 3.5.
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Table 3.1. Comparison of the Proposed Antenna with other Antennas

Frequency
: of I . L
Size Bands o BW Application | Gain | Application
Ref. (mm?d) Covered A%F:A%aé')o n (MHz) Band(s) (dBi) Area
(MH2)
[79] 80x80x%2.15 Single 2450 100 ISM 4.1 Wearable
[88] 13x13x1.27 Single 915 160 ISM 32 Implantable
[31] 100x100x3 Single 2450 160 ISM 5.6 Wearable
[90] 54.8x47.4x2 Single 2450 90 ISM 7.1 Wearable
[48] | 77.8x77.8x3.7 Single 2450 107 ISM 4.2 Wearable
[93] 44x44x3.94 Single 2450 83.5 ISM 6.49 Wearable
[17] 57x50%x1.97 Single 2450 100 ISM 417 Wearable
1800-2450, 650, WLAN 1.05,
[33] 58x40%0.075 Dual Wearable
5150-5825 675 3.12
2450, 490, ISM, 4.7,
[91] 100x100%3 Dual Wearable
5000 1710 WLAN 3
2450, 163, ISM, 3.2,
[65] | 101.9x92.3x3 Dual Wearable
5500 157 WLAN 5.8
2450, 277, ISM, 5.31,
[94] 100x80%5 Dual ] Wearable
5000 850 HiperLAN 9.34
902-928, 23, 2.51, Wearable
Prop 50%70x0.8 Dual ISM
2400-2500 80 3.89
3.2 ANTENNA TOPOLOGY

The top and bottom layouts of the presented antenna are shown in Figs. 3.1(a)
and (b), respectively. The antenna is designed on FR-4 substrate of thickness (h) = 0.8
mm, loss tangent (tan ¢) = 0.02 and dielectric constant (er) = 4.4. FR-4 dielectric
substrate is used due to its easy availability, however, the antenna can be designed on
any flexible substrate having the same electrical properties. The top and bottom views
of the fabricated antenna prototype are illustrated in Figs. 3.1(c) and (d), respectively.
The antenna's overall size is 50 mm x 70 mm x 0.8 mm. The dimensions of the proposed

antenna are stated in Table 3.2.
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(©
Fig. 3.1. Antenna layout: (a) top view (b) bottom view (c) top view of the fabricated
prototype (d) bottom view of the fabricated prototype.

(d)

Table 3.2. Dimensions of the Proposed Antenna

Parameter | Value (mm) | Parameter | Value (mm)
Lp 414 f 5
Wo 64 g 12
Le 50 h 22
We 70 i 24
a 8 i 24
b 4 k 22
c 154 I 11
d 18 m 1
e 4 n 6
It 7 p 26
Wi 15
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(e)
Fig. 3.2. Design steps of the proposed antenna: (a) step 1 (b) step 2 (c) step 3 (d) step 4 (e)
step 5.

The evolution steps of the proposed antenna are shown in Fig. 3.2. The reflection
coefficients of the design steps are shown in Figs. 3.3(a) and (b). In step 1, a U-shape
slot is inserted in the centre of the rectangular patch as depicted in Fig. 3.2(a). Fig.
3.3(a) shows that the antenna resonates at 1222 MHz and 1721 MHz. In step 2, as
depicted in Fig. 3.2(b), a stub is formed on the left side of the U-shape slot, which keeps
the upper resonating frequency almost the same as of step 1, while a significant change

is seen in the lower resonating frequency band (a shift of 103 MHz towards left). This
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antenna resonates at 1119 MHz (with |S11| -29.88) and 1720 MHz (with |S11| -15.67
dB). Another stub was created in step 3 on the lower right side of the U-shape slot as
shown in Fig. 3.2(c). This step shifts the lower band to 987 MHz while the upper band
shift towards the right with a minor mismatching of impedance. The antenna resonates
at 987 MHz and 1805 MHz. In step 4, another slot was introduced on the left side of
the U-shape slot, shown in Fig. 3.2(d). Here, the lower band shifts towards the left while

the upper band shifts towards the right with improved impedance matching.

_35 _____________________________________________________________________________________________
-45 :
0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6
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: : Step4  =- = Step5 K
-45 i i i i i i : :
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Frequency (GHz)
(b)

Fig. 3.3. Reflection coefficients |S11| of the design steps: (a) 1 to 3 (b) 4 to 5.
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This results in resonances at 923 MHz and 2408 MHz. The antenna is further modified
in step 5 by introducing a small stub on the right side of the U-shape slot to obtain the
desired frequency bands as depicted in Fig. 3.2(e). Finally, the parameters h and k
(shown in Fig. 3.1(a)) are optimized to obtain the desired 918 MHz and 2450 MHz

resonating bands as shown in Fig. 3.3(b).

3.3 PARAMETRIC ANALYSES

The response of the proposed antenna depends upon various design parameters.
The parametric analyses of these parameters are performed for obtaining optimal
dimensions. The reflection coefficient variations due to parameter f are shown in Fig.
3.4.

5 ;
==Y
o
= — f=1mm =
= = f=2 mm
0 f=3 mm f=4 mm
......... f:5 mm — — f=6.mm
35 e - == f=7Tmm — f=8mm
----- =9 mm ,
-45 i

0.8 1 1.2 14 1.6 1.8 2 2.2 2.4 2.6
Frequency (GHz)

Fig. 3.4. Reflection coefficients |S11| due to variation in parameter f.

The lower resonating band shift towards the upper side with an increment in f. When f
is greater than or equal to 7 mm, the upper resonance disappears. Fig. 3.5 depicts
reflection coefficients due to variation in g. The lower band's resonance frequency falls
as the value of g increases, but the top band has no resonance. The reflection coefficient
variations due to the change in parameter | are shown in Fig. 3.6. The parameter I shifts

both the resonating bands towards the lower frequency range.
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Fig. 3.5. Reflection coefficients |S11| due to variation in parameter g
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Fig. 3.6. Reflection coefficients |S11| due to variation in parameter |.

An increment in m shifts the frequencies of the upper resonating band as shown
in Fig. 3.7. After 6 mm, the resonant frequencies of the upper band shift towards the

lower side. The parameter m does not much affect the lower frequency band of the
antenna.
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Fig. 3.7. Reflection coefficients |S11| due to variation in parameter m.

3.4 ANTENNA PERFORMANCES IN FREE SPACE

3.4.1 Reflection Coefficients

The simulated and measured reflection coefficients of the proposed antenna are

shown in Fig. 3.8. The antenna was tested using the Agilent N5222A network analyzer.

Both simulated and experimental results are in good agreement at both frequencies,

which validates the dual-band operation of the presented antenna. The measured -10dB

11| (dB)

TR Y N A .
I R N S SRS TR S U |
- | | | | | |
S S R .
1 1 1 1 1 1 1 ||
-------
| | | | | | | '
1 1 1 1 1 1 1 0
1 1 1 1 1 1 1 1 0
| . . L ———__ Lo Lo __ Lo __ L __ L L____
Measured : I I I : L.
1 1 1 1 1 1 .
----- Simulated 1 i i i i !
0.8 1 1.2 14 1.6 1.8 2 2.2 2.4 2.6

Frequency (GHz)

Fig. 3.8. Simulated and measured reflection coefficients [Su1|.
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bandwidths are 907-929 MHz and 2400-2480 MHz in free space.

3.4.2 Radiation Pattern and Gain

Figs. 3.9(a) and (b) shows the radiation patterns of the antenna at 918 MHz and
2450 MHz in E-plane and H-plane. It can be observed that E-plane patterns are
unidirectional while H-plane patterns are bidirectional. In Table 3.3, the proposed

antenna's simulated and experimental gain values are presented.

|
oo =
[ e TR N s 5 T = s T = R = T = R - G T = |
Y Y S

(@)

—8— H-Plane Sim

L O - =T "N [ S CR=)

H-Plane Mea

—a+—E-Plane 8im —%—E-Plane Mea

(b)
Fig. 3.9. Simulated and measured radiation patterns: (a) 918 MHz (b) 2450 MHz.

Table 3.3. Simulated and Measured Gain

Gain (dBi)
Frequency (MHz) i
Simulated Measured
918 2.51 2.23
2450 3.89 3.31

3.4.3 Surface Current Distribution

Figures 3.10(a) and (b) show the surface current distribution plots of the
presented antenna at 918 MHz and 2450 MHz, respectively. It is observed that the
current intensity is higher in the region of the slot than in other portions of the patch.
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313
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0435

0.435

(@ (b)
Fig. 3.10. Surface current distribution of the proposed antenna: (a) 918 MHz (b) 2450
MHz.

3.5 ANTENNA PERFORMANCES ON HUMAN BODY
3.5.1 Bending Analysis

To see how bending affects the performance of the proposed antenna, it was
bent in four different directions: (a) parallel to the x-axis, (b) parallel to the y-axis, (c)
along the axis of y+45°, and (d) along the axis of y-45°, as shown in Fig. 3.11. The
bending radii were assumed as 50 mm and 75 mm to emulate the typical size of a human

arm and shoulder, respectively.

(b)
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(c) (d)
Fig. 3.11. Bending analysis of the antenna along: (a) x-axis (b) y-axis (c) y+45" axis (d) y-
45" axis.

The simulated results for different bending directions are shown in Fig. 3.12.
The variation in reflection coefficients due to bending parallel to the x-axis is shown in
Fig. 3.12(a). It is found that there is no significant change in the resonance frequencies
of the lower band while the resonance frequencies of the upper band shift towards the
left. The bending performance of the antenna parallel to the y-axis is shown in Fig.
3.12(b). A slight change in the upper band is noted, the resonating frequency band shifts
towards the left, while there is no considerable change in the lower resonance band.
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Fig. 3.12(c) shows the variation of reflection coefficients due to the bending of the
antenna in the y+45" axis. A significant change in reflection coefficients is seen for both
the upper and lower bands. The variation in reflection coefficients along the y-45" axis
is shown in Fig. 3.12(d). Both, the lower and upper resonance frequencies represent a

significant shift towards the lower side.

IS4/ (dB)

[N
[\
[N
N
»~
[\
o

0.8 1 1.2 1.4 1.6 1.8
Frequency (GHz)

(©)

73|Page



Antenna Performances On Human Body

5 : : : : :
5 N R N
| | | VA
15 L . i H Y S S
@ ! ! ! o
X ! ! ! | E
5 25 R S S S R
: ! ! LooE
! ! ! N
-35 | R S I T R B
! ! ! ! '
! ! ! ! '
! ! ! ! L
-45
0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6
Frequency (GHz)
(d)

Fig. 3.12. Reflection coefficients |Si1| due to bending along: (a) x-axis (b) y-axis (c) y+45°
axis (d) y-45° axis.

3.5.2 Specific Absorption Ratio (SAR)

The simulated average SAR of the proposed antenna over 1 g of tissue model
in CST (for a density of 2000 Kg/m?®) is presented in Fig. 3.13. The average value of
SAR at 918 MHz is approximately 278 W/kg (for 1 g of tissue), when the input power
is 1 W, whereas, the average SAR at 2450 MHz is found to be approximately 455
WI/Kg.

7L Wkg |
8 45
22 1 4141
227 73
202 331
1774 230
151 243
125 207
101 166
757 1247
50.5 828
23.2 ; 41.4;
] 1]
(@) (b)

Fig. 3.13. Simulated average SAR of the proposed antenna for 1 g of tissue
(a) 918 MHz (b) 2450 MHz.
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To comply with IEEE Std C95.1 (2005), the maximum input power is kept at 5.75 mW
[95]. The simulation conducted at 2450 MHz allows a maximum power of 3.5 mW for
safe usage. As a result of the findings, the proposed antenna appears to be a viable

option for wearable wireless communication applications.

3.6 CONCLUSION

This chapter presents a new dual-band patch antenna covering 902-928 MHz
and 2400-2500 MHz ISM band frequencies. The reflection coefficients, radiation
patterns, surface current density, and gain of the proposed antenna have been
investigated. The bending analyses of the proposed antenna are also studied at the two
resonances. The SAR results show that the proposed antenna operates within the
approved standard limits. The antenna occupies an area of 50 mm x 70 mm. The

antenna may be a suitable choice for wearable applications.

75|Page






“Your heart has a powerful little antenna and its pulses and
vibrations can be felt throughout the universe.”

Suzy Kassem






A Compact Wideband Flexible Antenna for Wireless Medical Telemetry Services

A COMPACT WIDEBAND FLEXIBLE ANTENNA FOR
WIRELESS MEDICAL TELEMETRY SERVICES

In the previous chapter, the design and development of a planar, dual-band
antenna for ISM band applications were presented. In this chapter, the designing,
modelling, analysis, fabrication and measurement of a planar small size coplanar
waveguide (CPW)-fed wideband antenna is presented for wearable applications. The
antenna operates for “1395-1400 MHz” and “1427-1432 MHz wireless medical
telemetry service (WMTS) bands.” The centre frequencies of the two bands are 1397.5
MHz and 1429.5 MHz. The antenna occupies a volume of 48 mm % 52 mm x 0.8 mm.
The proposed antenna design is validated when the simulated and measured reflection
coefficients, radiation patterns, and gain are calculated and shown to be in good
agreement. The simulation results for SAR and bending are also presented to
demonstrate that the proposed antenna operates within the approved limits and can be

fabricated on a flexible substrate.

4.1 INTRODUCTION

Wearable antennas are gaining popularity these days due to their attractive
features, functionality and applications. Planar, conformal, flexible, lightweight, low
cost and portable antennas are preferred for wireless communication and sensing
applications. These antennas must be able to communicate with the human body in
close proximity. All of these requirements make designing wearable antennas difficult,
particularly in terms of size compactness, structural bending effects, interaction to the
human body, complexity of manufacture, and precision [96]. The remote monitoring of
patients, especially the elderly, requires a substantial effort in the field of wearable
antennas [97]. The increasing demand for wearable devices has led to numerous

advancements, including the miniaturization of antennas for both invasive and non-
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invasive wearable applications [78]. The wearable applications include remote health
monitoring, bio-feeding, telemedicine, etc.

Several bands have been used in the literature for wearable applications, such
as the “medical implant communication service (MICS) band (402-405 MHz),
industrial, scientific and medical (ISM) bands (433.1-434.8 MHz, 902-928 MHz, 2400-
2480 MHz) and wireless medical telemetry service (WMTS) bands (608-614 MHz,
1395-1400 MHz, 1427-1432 MHz) [98].” The WMTS band is specially designed (by
Federal Communications Commission) for remote health monitoring of patients [99].
This band can be used for both implantable and wearable medical devices [100]. It
provides an interference-free spectrum, preventing overcrowding in the popular ISM
band [30]. It has allocated three frequency bands, namely 608-614 MHz, 1395-1400
MHz and 1427-1432 MHz. These services are used to remotely monitor the patient’s
vital signs and other physiological parameters such as pulse, respiration rates, pH, blood
pressure, body temperature, pulse oximeter, EEG, ECG, etc.

Most of the antennas presented in the literature for WMTS were single band
structures [30], [101]. The reported dual [32], [102], [103] and triple-band [104], [105]
antennas covered only one WMTS band, whereas other resonances covered ISM [23],
[102], [106] or MICS [103] bands. The proposed design is a small size planar coplanar
waveguide (CPW)-fed wideband antenna. The CPW-fed antennas have a low profile
and are easily integrated, allowing them to be easily placed inside a package. The
proposed antenna also overcome the limitations of a narrow impedance bandwidth of
wearable patch antennas [107]-[108]. The proposed antenna covers two WMTS bands
(1395-1400 MHz and 1427-1432 MHz). The FR-4 substrate material is used for
fabrication due to its low cost and easy availability in the market. The same antenna
can also be designed using flexible substrates with similar electrical properties, such as
polyimide. The proposed antenna is compared to other antennas in Table 4.1. The
antenna is designed, analyzed and optimized using CST Microwave Studio® [92]. The
proposed antenna covers two WMTS bands (1395-1400 MHz and 1427-1432 MHz)

and can be used for biomedical telemetry services.
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Table 4.1. Comparison of the Proposed Antenna with other Antennas

Resonance . Frequency o
Antenna Size Substrate — BW Application
Ref. C%?/Q?: d (mmxmmxmm) (&r) (?Aaﬂczi) Application (MHz) Area
Duroid
[7] Single 78x20x0.8 RT 5880 1427-1432 WMTS 4.3 Wearable
2.2)
[8] Single 37x20x1.6 '(T;)" 608-614 WMTS 9.0 Implantable
[10] Dual 35%20%0.1 Uﬁﬁgﬂ; 253;%50%31%% ISM 110, Wearable
' 3850 600
(2.9)
RO 3210 402-405, MICS, 100,
[11] Dual 23.6x19.4x2.4 (10.2) 1427-1432, WMTS 120 Implantable
FR-4 402-405, MICS, 50,
[13] Triple 20x17x1.6 (1.6) 1427-1432, WMTS, 18, Implantable
) 2400-2480 ISM 130
FR-4 1427-1432, WMTS, 50,
[14] Dual 12.6x8.5%2.4 (4.4) 2400-2480 ISM 210 Implantable
[79] Single 80x%80x2.15 (f il;) 2400-2500 ISM 100 Wearable
ingle x100x 5 - earable
[31] Sing| 100x100x3 Efg‘)" 2330-2490 ISM 160 Wearabl
[90] Single 80x84x2 D(i”é;“ 2409-2451 ISM 42 Wearable
FR-4 1395-1400,
Prop. Dual 52x48x0.8 (4.4) 14271432 WMTS 620 Wearable
4.2 ANTENNA TOPOLOGY

The antenna is made of FR-4 with a thickness of 0.8 mm, a loss tangent of 0.02,
and a dielectric constant of 4.4. The design of the proposed antenna and its fabricated
prototype are shown in Figs. 4.1(a) and (b), respectively. All the dimensional
parameters of the designed antenna are presented in Table 4.2. The overall size of the
proposed antenna is 52 mm x 48 mm x 0.8 mm and occupies a total volume of 1.996
cm®.

The proposed antenna design steps are shown in Fig. 4.2. The stepwise
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simulated reflection coefficients are presented in Fig. 4.3. In step 1, a CPW-fed patch
antenna is designed as shown in Fig. 4.2(a). The antenna does not show resonance due
to poor impedance matching, as illustrated in Fig. 4.3(a). In step 2, the antenna is
modified by changing the size of the ground plane (Fig. 4.2(b)). The antenna resonates
at 2000 MHz with a bandwidth of 88 MHz (1954-2042 MHz). In step 3, as shown in
Fig. 4.2(c), a large slot is created in the radiating patch of the antenna. This increases
the effective length of the patch, decreasing the resonating frequency to 1724 MHz. As
illustrated in Fig. 4.3(a), this step not only shifts the resonating band to a lower
frequency but also increases the bandwidth from 88 MHz to 274 MHz (1601-1875
MH?z). In step 4, the effective length of the patch is further increased by using a meander
line shape (Fig. 4.2(d)). This decreases the resonating frequency further with a minor
drop in the bandwidth. The antenna resonates at 1678 MHz with a bandwidth of 236
MHz (1569-1805 MHz). The effective length of the patch is further increased by using
a similar procedure to the previous step (Fig. 4.2(e)). The antenna resonates at 1534
MHz with a bandwidth of 148 MHz (1465-1613 MHz).

A further increment in the effective length of the radiating patch (shown in Fig.
4.2(f)) improves the impedance matching of the antenna. Here, the resonating
frequencies are 1517 MHz and 2174 MHz with |S1i| of -17.5 dB and -13.6 dB,
respectively, as illustrated in Fig. 4.3(b). The bandwidth obtained in step 6 is 143 MHz
(1448-1591 MHz) for a resonating frequency of 1517 MHz. In step 7, the effective
length of the patch is further increased, as shown in Fig. 4.2(g). This step reduces the
first resonating frequency slightly while making no difference to the second. The
antenna is resonating at 1510 MHz with |S11/=-19.3 dB and 2174 with |S11/=-14.9 dB.
Step 8 employs the same sinuous approach, resulting in an increment in the effective
length of the patch (as shown in Fig. 4.2(h)). The antenna resonates at 1361 MHz with
a bandwidth of 95 MHz (1315-1410 MHz). The second resonance bandwidth increases
to 153 MHz (2047-2200 MHz) with |S11/=-26.9 dB at 2130 MHz. In step 9, the position
of the feed line is optimized to obtain the desired results. The final position of the feed
line is shown in Fig. 4.2(i). This step affects the results obtained in the previous step
and merges the two bands to obtain a wideband. In step 10, the effective length of the
antenna is further increased by using a rotated E-shaped structure as shown in Fig.

4.2(j). This step plays a major role as it provides a wide bandwidth of 590 MHz (1335-
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(b)

Fig. 4.1. Proposed antenna: (a) schematic (b) fabricated prototype.

Table 4.2. Dimensions of the Proposed Antenna

Parameter Value (mm) Parameter Value (mm)

L 52 I 14
W 48 m 11
a 12 n 12
b 23 p 6
c 19 q 6
d 17 r 8
e 15 S 8
f 12 u 10
g 19 Vv 6
h 20 w 16
i 14 X 11
] 39 y 24
k 6 z 13

1925 MHz). This step considerably enhances the antenna’s impedance matching. The
antenna is seen resonating at 1457 MHz with |S11/=-24.2 dB and 1760 MHz with |S11|=-
21.4 dB. The proposed antenna covers two WMTS bands (1395-1400 MHz and 1427-
1432 MHz), which are commonly used for remote health monitoring.

83|Page



Antenna Topology

(b)

(d) ()

(h)

)
Fig. 4.2. Stepwise designing of the proposed antenna: (a) step-1 (b) step-2 (c) step-3 (d)
step-4 (e) step-5 (f) step-6 (g) step-7 (h) step-8 (i) step-9 (j) step-10.
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Fig. 4.3. Stepwise reflection coefficients (a) steps 1-5 (b) steps 6-10.

4.3 PARAMETRIC ANALYSIS

The response of the designed antenna varies with many parameters. The

parametric analyses for a few of these parameters are as follows. The variations in

reflection coefficients |S11| with the position of the feed line are shown in Fig. 4.4. By

shifting the feed line to the left, the resonance frequency shifts in the opposite direction.

While shifting the

feed line to the right, keeps the resonance frequency within the

desired limits with a minor shift to the left side.
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Frequency (GHz)

Fig. 4.4. Reflection coefficients due to variation in the position of the feed line.

The changes in reflection coefficients |S11| due to variation in parameter m are
depicted in Fig. 4.5. When the parameter m is decreased, the overall response of the
antenna resonance shifts to the upper side, whereas an increase in the parameter m
causes a shift to the left. In both cases, the response of the antenna remains within the

desired frequency limits.

S11 (dB)

1 11 12 13 14 15 16 17 18 19 2 21 22
Frequency (GHz)

Fig. 4.5. Reflection coefficients due to variation in parameter ‘m’.
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Fig. 4.6 depicts the changes in reflection coefficients |S11| due to variation in
parameter n. When the value of n is decreased, the overall response of the antenna shifts
to a lower frequency, whereas increasing the value of n results in a right shift. Variations
in p have no effect on the antenna's performance in the desired frequency band, as
shown in Fig. 4.7. An increase in the value of p shifts the response to a lower frequency
band. As p decreases, the frequency band shifts to the upper frequency band.

Frequency (GHz)

Fig. 4.6. Reflection coefficients due to variation in parameter ‘n’.

— —p=15 == p=3.0 - = =p=45
— p:60 ......... p:75 ————— p=90

Sy, (dB)

1 11 12 13 14 15 16 17 18 19 2 21 22
Frequency (GHz)

Fig. 4.7. Reflection coefficients due to variation in parameter ‘p’.
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Fig. 4.8 depicts the changes in reflection coefficients |S11| as g varies. The value
of g has an inverse relationship with the antenna's overall response. When q increases,
the response shifts to the left, while when g decreases, the response shifts to the right.
Variations in r affect the |S11| for overall frequency response, as illustrated in Fig. 4.9.
There is no change in the desired frequency bands when the value of r is increased or
decreased.

Sy (dB)

1 11 12 13 14 15 16 17 18 1.9 21 22
Frequency (GHz)

Fig. 4.8. Reflection coefficients due o variation in parameter ‘q’.

= —7r1=35 =+ = =50 = = =r=6.5

Sy (dB)

1 11 12 13 14 15 16 17 18 19 2 21 22
Frequency (GHz)

Fig. 4.9. Reflection coefficients due to variation in parameter ‘r’.
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The reflection coefficients with variation in s are shown in Fig. 4.10. A change
in the value of s keeps the response within the desired limits. The antenna loses its

desired response if the values of s are further decreased.

= «==6=35 == 5=50~= = =5=6.5

S11 (dB)

1 11 12 13 14 15 16 17 18 19 2 21 22
Frequency (GHz)

Fig. 4.10. Reflection coefficients due to variation in parameter ‘s’.

4.4 ANTENNA PERFORMANCES IN FREE SPACE
Figure 4.11 shows the proposed antenna's simulated and measured reflection

coefficients. Agilent N5222A network analyzer was used for testing the

.o
e
.o

Sy (dB)
KN
ol
p
b

1 11 12 13 14 15 16 17 18 19 2 21 22
Frequency (GHz)

Fig. 4.11. Simulated and measured reflection coefficients of the proposed antenna.
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fabricated prototype antenna. The simulated and measured results are found in good
agreement for the entire resonance band, which confirms that the proposed antenna can
be used for WMTS bands (1395-1400 MHz and 1427-1432 MHz) and other health

monitoring applications.

4.4.1 Radiation Patterns and Gain
Figure 4.12 depicts the proposed antenna's simulated and measured radiation
patterns. Figure 4.13 shows the proposed antenna'’s simulated and measured gain plots.

At both frequency bands, the observed gain yields reasonable results.

0-
10
20
30 ]
40]
503
-A0

- H-Plane Sim —ie—H-Plane Mea
—@—E-Plane Sim -3F~E-Plane Mea

(a) (b)
Fig. 4.12. Simulated and measured radiation patterns (a) 1397.5 MHz (b) 1429.5 MHz.
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Fig. 4.13. Simulated and measured gain of the proposed antenna.

90|Page



A Compact Wideband Flexible Antenna for Wireless Medical Telemetry Services

4.4.2 Surface Current Distribution

The surface current distributions of the designed antenna at resonant frequencies
1397.5 MHz and 1429.5 MHz are shown in Fig. 4.14. In both cases, the intensity of the
current is observed to be higher around the meandered shape than the rest of the
antenna. Hence, it is possible to conclude that the proposed antenna is resonating
primarily because of its meandered shape.

813

0.909

(b)
Fig. 4.14. Surface current distribution of the proposed antenna: (a) 1397.5 MHz (b) 1429.5
MHz.

4.5 ANTENNA PERFORMANCES ON HUMAN BODY
4.5.1 Bending of the Antenna

To test the effects of bending, the proposed antenna is bent parallel to the x-axis,
as shown in Fig. 4.15. The bending radius is considered as 75 mm to imitate the typical
size of the human shoulder. The bending radii are reduced to 70 mm, 65 mm and 60

mm, for which simulated results are shown in Fig. 4.16.

Y

L.

Fig. 4.15. Bending direction of the antenna along the x-axis.
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In Fig. 4.16, it can be seen that there are not many variations in the reflection

coefficients due to the bending of the antenna along the x-direction.

Flat
= = =R=65mm

R=70 mm

Sy (dB)

14 15

16 17

Frequency (GHz)

Fig. 4.16. Reflection coefficients due to bending along the x-axis.

4.5.2 Specific Absorption Ratio

The simulated average specific absorption ratio (SARay) of the proposed

antenna over 1 g of the tissue (for density = 2000 Kg/m®) is modelled in CST (as

presented in Fig. 4.17). The maximal value of the simulated SARayg at 1397.5 MHz is

approximately 30.1 W/kg (for 1 g of tissue) keeping input power as 0.5 W. On the other
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Fig. 4.17. Simulated average SAR of the proposed antenna for 1 g of tissue : (a) 1397.5
MHz (b) 1429.5 MHz.
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hand, the SARaygy at 14295 MHz is approximately 30.4 W/Kg for the same
specifications. To comply with IEEE Std C95.1-2005, the maximum input power of
26.5 mW must be maintained for the 1395-1400 MHz band [109]. The simulation
conducted at 1429.5 MHz permitted a maximum power of 26.4 mW for the 1427-1432
MHz band for safe usage. Hence, the results show that the proposed antenna can be

printed on a flexible substrate and is a good solution for wearable applications.

4.6 CONCLUSION

This chapter presents the design and analysis of a wideband antenna covering
the WMTS “1395-1400 MHz” and “1427-1432 MHz bands.” The meandering
technique expands the total electrical path of the antenna to cover lower frequencies.
The antenna occupies an area of 48 mm x 52 mm. This work also includes the effects
of bending and sensitiveness of the antenna when it comes into close contact with the
human body. This antenna is well suited for wearable applications.
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“When wireless is perfectly applied the whole earth will be converted
into a huge brain, which in fact it is, all things being particles of a
real and rhythmic whole. We shall be able to communicate with one
another instantly, irrespective of distance.”
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DUAL-RESONANCE ULTRA-MINIATURIZED TEXTILE
ANTENNA FOR ISM/WEARABLE APPLICATIONS

In the previous chapter, the design and development of a compact wideband
flexible antenna for wireless medical telemetry services were presented. In this chapter,
an ultra-miniaturized textile antenna is designed and developed for “2.45/5.8 GHz
industrial, scientific and medical (ISM) band ” applications. The proposed microstrip
line-fed dual-band antenna consists of non-conducting (Felt) and conducting (Sheildit
Super) textile materials. The antenna is 20 mm x 30 mm x 1 mm in size, and its (S11<—
10) bandwidths in the lower and upper resonant bands are 14.2 % and 27.5 %,
respectively. In addition, various fabrics are considered and characterized in order to
investigate different possibilities for textile antennas. The proposed antenna
configuration is simple, compact, simple to construct, and efficient for wearable/textile
applications. The proposed textile antenna performance is studied for on-body
situations using the three-layered human shoulder model and four-layered human arm
model. The antenna offers consistent on-body performance even when subjected to

deformations caused by bending.

5.1 INTRODUCTION

Over the past decade, wearable electronic systems have become well-known to
everyone due to their diverse applications in medical care, health monitoring,
telemedicine, patient tracking, and emergency rescue. Wearable devices such as a
wristwatch, fitness band, smart ring, smart jewellery, scanner gloves, augmented reality
glasses, and head-mounted displays have recently emerged as an essential component
of the Internet of things (1oT) [52], [96], [110]-[112]. Wearable gadgets use embedded
wireless modules, which typically include a battery, sensors, and an antenna, to

communicate with external devices. An antenna is the most important module of
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wearable devices as it determines the overall efficiency of the wireless link. Wearable
and textile antennas have been widely used in wireless local area network (WLAN),
radio frequency identification (RFID), and wireless body area network (WBAN)
applications [53], [113].

Wearable antennas should be compact, flexible, lightweight, cost-effective,
robust, and maintenance-free [77]. The implementation and stable performance of the
wearable antenna is a major design challenge. Textile/wearable antennas are placed
close to human-tissues under different bending conditions, as compared to conventional
antennas, which are typically located in free space [53]. Therefore, the design procedure
for the wearable flexible antenna is slightly different from that of traditional antennas.
Electromagnetic coupling to the human body is the most important factor to consider,
as it may affect the antenna's performance [114]. The human body must absorb the
minimum amount of power (per unit mass) radiated by a wearable antenna used for
health and safety applications, as measured by the specific absorption ratio (SAR).
Textile materials have been widely accepted for wearable applications due to their
lightweight, flexibility, low-profile, conformal, and unobtrusive properties [115], [116].
However, the fabrication tolerances for a textile antenna are relatively large when
compared to those made using printed circuit board machining [114]. Also, the textile
antenna’s resistance to various structural changes, such as bending/crumpling, must be
guaranteed. In the case of different fabrics, a proper characterization of textile materials
is essential [96]. However, it is challenging to design a compact wearable antenna with
consistent performance while maintaining a low-profile, simple design, desirable
bandwidth, and easy integration capability with other circuits/devices.

The researchers have developed a variety of textile antennas that enable off-
body communications, such as patch antennas in protective clothing of the firefighters,
and logos, badges, etc., in ordinary garments [55], [117]. Wearable ultra-high frequency
(UHF) RFID antennas were also developed and implemented on smart textiles for
body-centric sensing and apnea detection applications [118]. With these ongoing
advancements and developments, the authors of this paper proposed a compact,
lightweight, low-profile textile antenna for ISM band frequencies. Several textile
materials were considered and characterized in order to investigate all possibilities. The

proposed textile patch antenna consists of a partial ground plane and a C-shaped
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radiator fed by a microstrip line. The proposed antenna can also be used for “WLAN
(4.9 GHz, 5 GHz, and 5.9 GHz), IEEE 802.11n (Wi-Fi), wireless HDMI, ZigBee, and
Bluetooth applications.” The simulated and measured results show an acceptable
agreement, indicating that the proposed textile antenna is a suitable candidate for
ISM/wearable applications.

This chapter is organized as follows: Section 5.2 presents and discusses the
fabrication process of the proposed wearable antenna. The performance of the antenna
in free space is covered in Section 5.3. The performance of the antenna on the human

body is discussed in Section 5.4, and the conclusion is provided in Section 5.5.

5.2 ANTENNA TOPOLOGY

5.2.1 Preparation and Characterization of Non-conductive and Conductive
Materials

Textile antenna design necessitates the use of both non-conductive and
conductive materials. The non-conductive textile material serves as the substrate while
the conductive textile material serves as the radiating element. Hence, understanding
the electrical properties (such as relative dielectric constant, loss tangent, and thickness)
of non-conductive textile materials, as well as the surface resistivity of conductive
textile materials, becomes essential [87]. Several textile materials, namely Cordura
500D Nylon [119], Polyester, Cordura General, Denim, Lycra, and Felt, were
considered for characterization (shown in Figs. 5.1(a)—(d) and 5.2(a)—(b)). All of these
materials are easily available in the market.

A computer-operated CO> laser cutting machine [50], [117] or manual methods
can be used to cut textile materials of the required size. A computer-based laser cutting
method can achieve a resolution of 0.2 mm, whereas a manual cutting method can only
achieve a resolution of 1 mm. A sample of size 60 mm x 60 mm is manually cut from
each of the textile materials considered, as shown in Fig. 5.3 and the characterization
of multi-layered samples prepared from different textile materials was performed.

Several techniques, including the transmission/reflection line method, resonant
cavity technique, dielectric resonator, dielectric post resonator, whispering gallery
mode resonator, open-ended coaxial probe method, dielectric probe, free space method,
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(b)

(c) (d)
Fig. 5.1. Textile materials: (a) Cordura 500D Nylon, (b) Polyester, (c) Cordura General,
(d) Denim.

(@) (b)
Fig. 5.2. Textile materials: (a) Lycra, (b) Felt.

and Nicholson—Ross—Weir (NRW) technique, have been suggested in the literature for
measuring dielectric properties of materials [33], [120]-[123].

The above-mentioned textile samples were characterized using a radio
frequency impedance/material analyzer (Agilent E4991A). It offers superior impedance

measurement performance and a powerful built-in analysis function in the 1 MHz to 3
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(@) (b)

Fig. 5.3. Preparation of textile fabric samples: (a) Size of the sample, (b) Preparation of

samples.

GHz frequency range with a resolution of 1 mHz. It uses the RF-1V technique for more
accurate measurements across a wide impedance range. All prepared samples were cut
into small pieces to fit into the dielectric material test fixture (Agilent 16453A) as
shown in Figs. 5.4(a) and (b).The measurement data was plotted and analyzed as
displayed in Figs. 5.5(a)—(d) and 5.6(a)—(b). The dielectric constant of the Cordura
500D Nylon sample ranges from 1.69 to 2.32 for different layers as shown in Fig.
5.4(a). It is noted that the dielectric constant of the four-layer sample is 3.24 at 1 MHz.
The maximum and minimum dielectric constant values of Polyester were found to be

2.29 and 0.97, respectively.

(@ (b)
Fig. 5.4. Measurement setup: (a) sample holder (dielectric material test fixture), (b)

samples.
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Fig. 5.5. Variation of dielectric constant and frequency for different textile materials: (a)

Cordura 500D Nylon, (b) Polyester, (c) Cordura General, (d) Denim.
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Fig. 5.6. Variation of dielectric constant and frequency for different textile materials: (a)
Lycra, (b) Felt.

Polyester is a highly porous material that absorbs adhesive glue quickly.
Therefore, it has a wide range of dielectric constants when compared to other non-
conductive materials. The maximum dielectric constant of the textile fabric Denim was
found to be 3.99, while the minimum dielectric constant was found to be 2.18. The

maximum dielectric constant values for Lycra and Felt were found to be 1.78 and 1.4,
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respectively. The minimum values of the dielectric constant were found as 1.63 and
1.29 for Lycra and Felt, respectively. Measurements of the triple and quadruple layer
structures of the Cordura General were not possible due to the larger thickness of the
samples. The thickness of the non-conductive textile samples was measured with a high
precision Vernier Calliper. Table 5.1 shows the thickness, relative dielectric constant,
and loss tangent of all samples (at 2.45 GHz). Moreover, a single-layer of non-
conductive Felt material with a thickness of 1 mm, dielectric constant (er) of 1.34, and
loss tangent (tan o) of 0.02 is used to fabricate the proposed antenna.

The physical dimensions of an antenna determine its electrical length, which
directly affects its resonant frequency [124]. The physical dimensions of the patch must

be maintained when implementing it to the substrate. Also, the attachment procedure

Table 5.1. Properties of the Textile Materials at 2.45 GHz

Material Number of Thickness Dielectric Loss
Layers (mm) Constant Tangent
Single 0.5 1.75 0.0066
Cordura
Double 1.0 1.80 0.0066
500D
Triple 14 1.94 0.0098
Nylon
Quadruple 1.9 1.91 0.0098
Single 0.1 1.14 0.0613
Double 0.2 1.43 0.0320
Polyester )
Triple 0.3 2.10 0.0530
Quadruple 0.4 1.98 0.0124
Single 1.0 1.85 0.0088
Double 2.0 1.84 0.0124
Cordura )
Triple 3.1
Quadruple 4.2
Single 0.5 2.29 0.02
) Double 1.0 2.23 0.02
Denim
Triple 15 2.21 0.04
Quadruple 2.1 2.20 0.04
Lycra Single 0.4 1.66 0.04
Felt Single 1.0 1.34 0.02
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should have no effect on electrical properties such as sheet resistance. Some of the
methods proposed and used for combining/making the conductive patch and the non-
conducting substrate are sewing, conductive embroidery, inkjet-printing, liquid textile
adhesives, point-wise application of conductive adhesives, adhesive sheets, and
thermally adhesive textile fabrics [87], [111], [125]-[127].

For the radiating patch and ground plane, a 0.17 mm thick Sheildit Super (UL
94V-0 Level Flame Retardant, RoHS Compliant) conductive material with a one-side
resistivity of <0.5 Q per square is used. It is a high-quality copper-/nickel-plated
Polyester-based textile material suitable for microwave and radio frequency
applications. The thermally adhesive nature of this material makes it suitable for
antenna design because it can be attached to the substrate simply by using a dry iron
[128].

The layout of the proposed textile antenna is displayed in Fig. 5.7. The antenna
is designed using the CST Microwave Studio tool [129]. The top layer is a C-shaped
geometry, and the bottom layer is a partial ground plane of size 20 mm x 3 mm. The
partial ground plane plays a vital role in achieving broadband characteristics [130]. A
50 ohm microstrip feed line excites the patch, and the antenna is 20 x 30 x 1 mm? in
size. The suggested textile antenna's dimensional specifications are provided in Table
5.2.

o

g e

—

(@) (b)

Fig. 5.7. Proposed textile antenna: (a) front view (b) back view.

106 |Page



Dual-Resonance Ultra-Miniaturized Textile Antenna For ISM/Wearable Applications

Table 5.2. Dimensions of the Proposed Textile Antenna

Parameter Value (mm) Parameter Value (mm)
L 30 d 4
W 20 e 3
a 20 f 8
b 12 g 2
C 16

5.2.2 Step-wise Designing of the Proposed Antenna

This section describes the evolution of the proposed antenna. Fig. 5.8(a) shows
an ordinary rectangular monopole antenna with a ground plane length of 3 mm. The
simulated reflection coefficients (S11) of the antenna design configurations are shown
in Fig. 5.9. The ANT. 1 resonates at 2.93 GHz and 6.24 GHz. An antenna’s effective
current route length can be extended by adding slots/slits to the radiating patch. As a
result, the resonant frequency shifts, providing the performance of a larger physical size
antenna with broad bandwidth and a lower Q-value [52], [131]. As shown in Fig. 5.8(b),
a small slot is introduced in ANT. 1 in the second step. The resonance frequencies of
ANT. 2 decrease, and wide bands are obtained. The antenna resonates at 2.78 GHz and
5.34 GHz, with reflection coefficients of -17.7 dB and -22 dB, respectively. In the third
step, the size of the slot introduced in the second step was increased to achieve the
desired frequency as shown in Fig. 5.8(c). The final antenna (ANT. 3) covers the 2.45
GHz and 5.80 GHz (ISM) frequency bands as shown in Fig. 5.9.

(@) (b) (©
Fig. 5.8. Step-wise evolution of the textile antenna: (a) ANT. 1, (b) ANT. 2, (c) ANT. 3
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Fig. 5.9. Simulated reflection coefficients for different antenna configurations.

5.3 ANTENNA PERFORMANCES IN FREE SPACE
5.3.1 Reflection Coefficients (S11) and Gain

The bandwidths of different antenna configurations are summarized in Table
5.3. The proposed textile ANT. 3 is fabricated and experimentally verified using a
network analyzer (Agilent Technologies N5230A, 10 MHz to 40 GHz), as shown in
Figs. 5.10(a), (b), and (c). The reflection coefficients of the antenna are measured and
compared to the simulated results in Fig. 5.11. A reasonable agreement between the
simulated and measured results is noticed. The fabricated prototype was found to have
better impedance matching. The simulated and measured gain curves of the proposed
antenna are shown in Fig. 5.11. The maximum gain values are found to be 1.63 dBi and
2.7 dBi at 2.45 GHz and 5.8 GHz, respectively.

Table 5.3. Performance Summary of Different Antenna Configurations

Ant. Band I Bandwidth | Band Il Bandwidth 11
Conf. (GHz) (MHz) (GHz) (MHz)
ANT. 1 2.62-3.41 790 5.44-6.74 1300
ANT. 2 2.53-3.18 650 4.94-6.28 1340
ANT. 3 2.27-2.62 350 4.67-6.33 1660
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(@ (b)

Fig. 5.10. Prototype of the proposed textile antenna: (a) front view, (b) back view, (c)

reflection coefficients measurement.
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Fig. 5.11. Simulated and measured reflection coefficients and gain of the antenna (ANT.
3).

5.3.2 Radiation Patterns

When the antenna is in free space, Fig. 5.12 compares the computed and
measured far-field radiation patterns of the proposed antenna at 2.45 GHz and 5.8 GHz.
It is evident that a satisfactory agreement exists between simulated and measured
patterns. Nearly bidirectional patterns are obtained for both the E-plane and the H-

plane.
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(c) (d)
Fig. 5.12. Radiation patterns of the antenna (red: measured, black: simulated): (a) E-plane
at 2.45 GHz, (b) H-plane at 2.45 GHz, (c) E-plane at 5.8 GHz, (d) H-plane at 5.8 GHz.

5.3.3 Surface Current Distribution

The simulated surface current distributions of the proposed antenna at 2.45 GHz
and 5.8 GHz are shown in Figs. 5.13(a) and (b), respectively. In both cases, the
maximum current density is concentrated close to the slot, indicating that the slot can

control the resonant frequency of the proposed antenna.
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(b)
Fig. 5.13. Simulated surface current distributions at: (a) 2.45 GHz, (b) 5.8 GHz.

5.3.4 Crumpling Analysis

When integrated into clothing for off-body and on-body use, the textile antennas
are likely to crumple. The resonance frequency and bandwidth of a textile antenna can
be affected by crumpling. The off-body crumpling effects on the proposed textile

antenna in different situations (flat, small, medium, and large) are shown in Fig. 5.14.
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Fig. 5.14. Crumpling effect on the antenna.
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5.4 ANTENNA PERFORMANCES ON HUMAN BODY

Furthermore, the proposed antenna is characterized for on-body situations. Two
types of human tissue models (phantoms) are chosen to imitate the human shoulder and
arm, as presented in Figs. 5.15(a), (b), (c), and (d). The human shoulder model is a
three-layered structure comprised of a 3 mm thick layer of skin, a 7 mm thick layer of
fat, and a 60 mm thick layer of muscle. The overall size of the phantom is 200 mm x
100 mm x 70 mm [82]. The human arm model is a four-layered structure comprised of
a 2 mm thick layer of skin, 5 mm thick layer of fat, 20 mm thick layer of muscle, and
the bone core (of radius 13 mm). The total length of the arm model is considered 350
mm [82]. The parameters defining the tissue models' attributes were gathered from
CST's material library. To simulate the separation of layers of clothes from the human
body, the antenna is placed 10 mm away from the skin, and it is kept in two mutually
perpendicular orientations for both tissue models. For the human arm model, the
antenna is bent parallel to the X- and Y -axes.

=l

(@) (b) (©) (d)

Fig. 5.15. Tissue models: (a) small cubic phantom-X, (b) small cubic phantom-Y, (c)
cylindrical bent-X, (d) cylindrical bent-Y.

5.4.1 Reflection Coefficients, Gain, Radiation Efficiency and Front-to-Back Ratio
for Various Tissue Models
The simulated reflection coefficients for human shoulder and arm tissue models
(phantoms) are shown in Fig. 5.16. There is a significant difference between flat and
bending conditions. The impedance matching is found to be within the desired range
for both tissue models. Thus, the human shoulder and arm are ideal locations for the

placement of the proposed antenna.
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Fig. 5.16. Simulated reflection coefficients for different tissue models.

The gain and efficiency of the textile antenna are investigated for various

phantoms as shown in Figs. 5.17(a) and (b), respectively. It is evident that the on-body

simulated gains are found better in free space. The simulated radiation efficiency is

greater at higher frequencies than at lower frequencies. The suggested antenna's front-to-
back ratio (FBR) is depicted in Fig. 5.18.
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Fig. 5.17. Simulated results of the textile antenna for different tissue models: (a) gain, (b)

efficiency.
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Fig. 5.18. Front-to-back ratio of the antenna.

5.4.2 Bending Analysis

For the human arm tissue model, the bending analysis is performed at differing

radii. The S-parameters of the textile antenna for different bending radii are shown in

Figs. 5.19(a) and (b), respectively. The proposed textile antenna is kept 10 mm away from
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the tissue model. A small change is noticed in the performance of the antenna. However,

in all instances, the antenna is working within the required resonance bands.
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Fig. 5.19. Bending analysis of the proposed textile antenna: (a) bent-X, (b) bent-Y.
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5.4.3 Radiation Pattern
As illustrated in Fig. 5.20, the 2-D radiation patterns for several tissue models
are explored at 2.45 GHz and 5.8 GHz. The radiation direction changes when the

antenna is placed in Y-orientation.
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Fig. 5.20. Radiation patterns of the antenna for different tissue models: (a) E-plane at 2.45
GHz, (b) H-plane at 2.45 GHz, (c) E-plane at 5.8 GHz, (d) H-plane at 5.8 GHz.

5.4.4 SAR Analysis
Due to the close proximity of wearable antennas to the human body, it has
always been necessary to calculate the amount of radiation penetrating the body. The

SAR is calculated to determine the response of organic tissue to electromagnetic
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radiations. It is measured in terms of “the amount of energy absorbed per unit of tissue

mass.”’

da aw

“where W is the energy absorbed by the human tissue, p is the mass density, and V is
the volume of the sample [50].”

In order to meet EMF exposure safety limits established by the “International
Commission on Non-lonizing Radiation Protection (ICNIRP)” and the “Federal
Communications Commission (FCC)”, the maximum permissible values of input
power must be evaluated. In this regard, several SAR calculations were performed for
the proposed antenna, with different simulated powers such as ImwW, 10 mW, 0.1 W,
and 1 W, over a simplified four-layered human arm model. The SAR distribution
patterns for the arm model at various frequencies (for 1 g and 10 g) are depicted in Figs.

5.21 and 5.22, respectively.
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Fig. 5.21. SAR distribution patterns for arm model (simulated power=10 mW): (a) 2.45
GHz (1 g), (b) 5.0 GHz (1 g), (c) 5.8 GHz (1 g).
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Fig. 5.22. SAR distribution patterns for arm model (simulated power=10 mW): (a) 2.45
GHz (10 g), (b) 5.0 GHz (10 g), (c) 5.8 GHz (10 g).
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It can be seen that most of the back radiations are in the centre of the antenna for a

lower frequency range. As the frequency increases, the back radiation starts shifting

towards the lower side of the antenna. The simulated results obtained for maximum

SAR are plotted in Fig. 5.23, and the maximum allowable input powers are listed in
Table 5.4. It should be noted that the calculated SAR values for 1 g and 10 g have a
linear relationship with the simulated power. It should also be noted that SAR values

for 5.8 GHz and 5.9 GHz are almost the same. It is evident that natural situations such

as water, snow, or body sweat have an effect on the performance of the textile antenna.
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Fig. 5.23. Simulated results for maximum SAR.

Table 5.4. Maximum Allowable Input Power

Average . Maximum Allowable
Frequency Mass (9) Simulated Power Input Power (mWw)
Imw | 10mW |01mw | 1W SC‘VFf;;'G Svf/ﬁ:gz
2 45 10 0.02391 0.2391 2.391 23.90 83.6
1 0.04841 0.4841 4.841 48.41 33.05
10 0.01312 0.1312 1.312 13.12 152.4
49 1 0.06066 0.6066 6.066 60.66 26.37
10 0.01222 0.122 1.22 12.2 163.9
>0 1 0.05654 0.5654 5.654 56.54 28.3
10 0.008924 0.08924 0.8924 | 8.924 224.1
>8 1 0.042 0.42 42 | 42.00 38.1
10 0.008902 0.08902 | 0.8902 | 8.902 224.6
>9 1 0.04212 0.4212 4212 42.12 37.9
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Table 5.5. Performance Comparison of the Proposed Textile Antenna with other

Reported Works
SAR
(S11=-10) Band . . )
Antenna Size Res. (GHz)/ Gain Dlelect_nc Conductive (W/Kg) App
Ref. Freq. - Material . (For lication
(Mmmxmmxmm) BW (dBi) Material
(GHz) (MH2) (&) 500 Band
mw)
20x30x0.7/ .
[52 | 0.16ix024icx | 245 | 222591 505 | Denim Sheildit ISM
0.00570 (£.7)
0.9307
35x45x2/
[53] | 0.581x0.75k0%x | 5 5155825 | gqy | Wool Felt Nylon 19 | wLan
003330 675 (1.2) 0.4016
' (10 g)
0.1850
102x68x3.6/
4.3-5.9/ Pellon Pure Copper 19
[114] 1'9702%)%)(916%%)( 58 1600 612 1 (1.08) Taffeta 05000 | 'SM
' (10 g)
74.5%x48%3/ o
[50] | 0.601%0.39%0x | 2.45 2";6%5’ 5.35 W‘("l" 4§e't ng"g" 03800 | ISM
00294/ ' P (10 g)
40x40x%0.6/
[51] | 0.774x0.77/0x | 58 5:4-6/ 245 | Jeans | CopperTape, | ISM
0.0116/0 600 (1.78) Electrotextile
63.9x63.9x3.7/ 0.4500
2.4-2.5/ Foam Pure Copper
[48] 0.5%,18;8.2%“ 2.45 100 4.4 (1.495) Taffeta (19) ISM
2.31-2.54/
180x180x3.5/
2.45, 230, 0.29, Leather
[49] 1'4(6)/182515541&“ s 419439/ 305 25) Zell ISM
' 0 270
2.4-2.48 0.5500
64.6x61.7x3.94/ | ) 45 80, 42, Foam Pure Copper | (1g),
[47] | 0.5240%0.5240% ISM
0030200 5.8 5.72-5.87/ 5.5 (1.495) Taffeta 0.9000
' 0 150 (1g)
2.27-2.62/ 21.000
20x30x1/ .
2.45, 350, 1.63, Felt Sheildlt (19)
Prop. | O10ir8 24%0¢ | 58 4.67-6.33/ 27 (1.34) Super 44500 | 'SM
: 0 1660 (10 g)

The performance comparison of the proposed textile antenna with other

reported works is given in Table 5.5. The proposed antenna has a small size and dual-

band performance, which is evident. The upper resonating band offers large bandwidth,

therefore, it can be used for numerous applications. Because the proposed antenna is

made of textile material, it may be easily integrated into garments.
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5.5 CONCLUSION

This chapter presents design and analysis of an ultra-miniaturized textile
antenna for 2.45 GHz and 5.8 GHz ISM band applications. The proposed textile patch
antenna consists of a partial ground plane and a microstrip line-fed C-shaped monopole
radiator. Several textile materials are considered and characterized to investigate
various design possibilities. The proposed antenna is fabricated using Felt as the non-
conducting dielectric material and Sheildit Super as the conducting material. The
antenna performance is studied for on-body situations using the three-layered human
shoulder model and four-layered human arm model. The proposed textile antenna, due
to its small size, low fabrication cost, good impedance bandwidth, and acceptable on-

body performance is a good candidate for ISM/wearable applications.
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“Science is facts; just as houses are made of stone, so is science
made of facts; but a pile of stones is not a house, and a collection of
facts is not necessarily science.”

Jules Henri Poincaré
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WIDEBAND TEXTILE MULTIPLE-INPUT-MULTIPLE-OUTPUT
ANTENNA FOR INDUSTRIAL, SCIENTIFIC AND MEDICAL
(ISM)/WEARABLE APPLICATIONS

In the previous chapter, the design and development of a dual-resonance ultra-
miniaturized textile antenna for ISM/Wearable applications was presented. In this
chapter, the designing, modelling, analysis, fabrication and measurement of a compact,
wideband, two-element textile “multiple-input-multiple-output (MIMO) " antenna is
presented for ISM/wearable applications. The proposed structure is composed of the
Felt material substrate, and the ground plane and radiating patch are formed using
Shieldit™ Super conductive material. The designed MIMO antenna offers a wide
impedance matching bandwidth (S11 <—10 dB) of 2.00-6.23 GHz, a very low “mutual
coupling” of (S21, max) —29.26 dB, low “envelope correlation coefficient (ECC) ” <0.01,
high “diversity gain (DG)” ~9.95 dB, and ‘“realized gain” of more than 2.88 dBi,
across the entire resonating band. The intended antenna geometry prototype has been
fabricated and measures 76 x 37 mm?2. Because of its small size, all textile layers, ease
of integration, resilience, and reasonable on-body performance, the proposed antenna

could be a promising choice for wearable electrical devices.

6.1 INTRODUCTION

Recently, several studies have been done on wearable antenna design, as body-
centric wireless communication systems are drawing substantial attention due to their
broad applications in many areas [132], [133]. These wide ranges of applications
include navigation, soldier communications, remote identification, security systems,
wearable computer technology, entertainment, fashion, environmental/biophysical

parameters, monitoring for rescue workers, and healthcare. The main component for all
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the aforementioned applications is a wearable antenna that transfers the data wirelessly
from on-body sensors to a centralized database/computing unit. The textile materials
have been potential candidates for designing wearable antennas due to their comfort,
robustness, and camouflaged integration with apparel. Moreover, the design and
fabrication of a textile wearable antenna is a critical part of the performance of wearable
links. These antennas need to radiate effectively and efficiently under different physical
constraints such as stretching, crumpling, bending, and body movements [134]-[138].

With the rapid advancement of wireless communication technology, the high-
performance modern communication systems with very high data rate and low cost are
becoming imperative. The technological growth in wireless communication requires an
increased data transfer rate, which can be achieved by increasing the bandwidth.
Alternatively, this can also be achieved by a multi-antenna system with high isolation
between the elements within the same bandwidth. One of the probable solution to
increase the spectrum's efficiency is multiple-input-multiple-output (MIMO)
technology, which is widely used presently. Since the signals emitted from the antenna
are subject to interference and multipath fading while propagating in a real
environment, the data transfer rate of the communication systems is constrained [139].

To enhance data transmission capacity and to reduce the multipath fading
effects, the use of MIMO technology at terminals in the wireless communication
systems has attracted many researchers both from academia and industry [140]. MIMO
system increases the channel capacity, which accommodates a larger number of users
to access various broadband services all together. The concept of MIMO has been
adapted to the latest wireless systems such as “wireless local area network (WLAN)
standards [141], worldwide interoperability for microwave access (WiMAX) [142],
long-term evolution (LTE) [143] and ultra-wideband (UWB) systems [144].” Though
MIMO techniques require complex structures, they are reliable and provide significant
improvement in the “transmission capacity, signal to noise ratio (SNR), and
throughput” of a system over the single antenna systems, without demanding an
increased bandwidth and power [145]. When antennas are placed in the closed vicinity
in MIMO configuration, the decoupling between the antenna elements is considered as
another significant parameter. Various decoupling mechanisms have been used by
authors in [146]-[148].
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This chapter presents a wideband textile antenna with good physical parameters
for the use of MIMO technology for ISM and WLAN applications. The off-body and
on-body performances of the MIMO antenna are investigated. The presented MIMO
antenna covers a frequency range from 2.00 to 6.23 GHz and exhibits low “envelope
correlation coefficient (ECC) ” < 0.01 and high “diversity gain (DG)” ~9.95 dB. In the
analysis of the presented antenna, it is observed that maximum port isolation of 29.26
dB and stable radiation patterns at 2.45 GHz and 5.80 GHz are achieved, which renders
this antenna as a good candidate for MIMO applications. The simulated and measured
findings show a high level of agreement.

This chapter is organized as follows: Section-6.2 provides an insight into the
design and fabrication of the MIMO antenna. The antenna performances in free space
and on-body are discussed in sections 6.3 and 6.4, respectively. Section-6.5 gives a

brief conclusion.

6.2 ANTENNA TOPOLOGY

The designed and fabricated configurations of the two-element MIMO antenna
are shown in Figs. 6.1 and 6.2, respectively. The antenna is fabricated on 1 mm thick
Felt material substrate, whose dielectric constant (er) and loss tangent (tan J) are 1.34
and 0.02, respectively. A radio frequency impedance/material analyzer (Agilent
E4991A) was used for the characterization of textile materials. The metallic layers,
ground plane, and radiating patch are formed using 0.17 mm thick Shieldit™ Super
conductive material having sheet resistance of <0.07 Q per square. It is a polyester-
based copper-/nickel-plated high-quality textile material. This material is thermally
adhesive, which makes it convenient for antenna fabrication as it can easily be attached
to the substrate, merely by dry ironing [128]. The antenna is simulated using “CST
Microwave Studio tool.” The presented antenna structure is prepared through manual
cutting tools. The detailed dimensions of the proposed MIMO antenna are given in
Table 6.1. The antenna occupies an area of 37 mm x 76 mm. The step-wise evolution

of the two-element MIMO antenna is shown in Fig. 6.3.
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(b)
Fig. 6.1. Configuration of the textile MIMO antenna (a) top view (b) bottom view.

(@) (b)
Fig. 6.2. Prototype of the textile MIMO antenna (a) top view (b) bottom view.

Table 6.1. Parameters of the Two-element MIMO Antenna

Parameter | Value (mm) | Parameter | Value (mm)
L 37 P1 7
W 76 P2 20
D 12 P3 30
f 2 G1 18
I 8 G2 11
a 8 G3 6
b 6 G4 24
c 4 G5 6
d 2 G6 13
Theta 135°
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(@) (b)

(€) )

@)

Fig. 6.3. Step-wise designing of the two-element MIMO antenna: (a) step-1 (b) step-2 (c)
step-3 (d) step-4 (e) step-5 (f) step-6 (g) step-7.
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Fig. 6.5. Simulated S, of the design steps of the two-element MIMO antenna.

The S-parameters of the evolution of the two-element MIMO antenna are shown
in Figs. 6.4 and 6.5. In step-1, two rectangular-shaped elements are connected with the
feed lines. The antenna (ANT#1) resonates at higher frequencies (8.3-14.6 GHz), and
maintain isolation more than 15 dB up to the frequency of 4.32 GHz. In step-2, two
rectangular patches are introduced in the ANT#1 to shift the resonating frequency
towards the lower range. The antenna (ANT#2) has impedance matching band from
2.15t0 6.50 GHz, and isolation of more than 15 dB for a frequency range of 3.87-6.17
GHz. Hence, the ANT#2 provides proper impedance matching over a wide frequency

band. Various other steps are taken to further improve the antenna performance. A
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rectangular stub is added to the partial ground plane in step-3, which improves
impedance matching of the ANT#3, but it does not affect the isolation between the
radiating elements. A trapezium-shaped stub is added in step-4 (ANT#4) for further
optimization. In step 5 (ANT#5), a T-shaped stub is introduced in the ground plane,
which provides excellent isolation from 2.09 to 4.38 GHz, and an impedance matching
for 2.09-6.50 GHz frequency range. In step-6 (ANT#6), two ring-shaped stubs are
added in the ground plane of the MIMO antenna. This step not only provides excellent
isolation for the entire frequency range (except 4.45-5.10 GHz) but also improves
impedance matching around 2.50 GHz. In the last step, a ring-shaped stub (of the same
size introduced in the previous step) is added between the radiating patches (ANT#7),
which improves isolation over the entire operating frequency band. The proposed
textile MIMO antenna covers a wide frequency range from 2.00 to 6.23 GHz that
includes ISM and WLAN bands.

6.3 ANTENNA PERFORMANCES IN FREE SPACE

6.3.1 Return Loss, Isolation, and Gain

The proposed antenna structure was fabricated and tested using a vector network
analyzer. The simulated and measured S-parameters of the proposed textile antenna are
shown in Fig. 6.6. The frequency spans from 2.00 to 6.23 in both simulations and

measurements.
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Fig. 6.6. Simulated and measured S-parameters and gain of the two-element MIMO

antenna.
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GHz, and it is observed that the simulated Sz; parameters are -18.35 dB and -29.26 dB
at 2.45 GHz and 5.8 GHz, respectively. Figure 6.6 depicts the proposed MIMO
antenna's simulated and measured gains. In the designated band, the peak gains are 3
dBi and 4.33 dBi at 2.45 GHz and 5.8 GHz, respectively. The simulated and measured
characteristics revealed a good agreement. Due to fabrication and measurement
tolerances, there is a minor difference between the simulated and measured findings.

6.3.2 Isolation Study

In MIMO antenna, the radiating elements are placed closely to each other, but
it affects the mutual coupling between them. In the proposed work, a T-shaped stub and
three rectangular rings (loaded on the Felt substrate's top and bottom) are used for
reducing interference between the antenna elements. The spacing between the radiators
and position of the ring (present on the top of the substrate) are optimized in such a way
that a compact geometry (with minimum mutual coupling) is achieved. The dimensions
of the rectangular ring are optimized in such a manner that it does not much affect the
S11/S2, of the textile antenna while preserving a significant effect on the inter-element

coupling.

Fig. 6.7. Top view of the two-element MIMO with meander-line structure.

Here, another interesting technique is presented to enhance isolation between
the antenna elements. In this approach, a meander line structure is introduced (on the
top-side of the substrate) between the antenna elements as shown in Fig. 6.7. The

backside of the antenna remains the same. It considerably increases the isolation of the
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MIMO antenna. The simulated S;; parameters are -18.67 dB and -21.41 dB at 2.45 GHz
and 5.8 GHz, respectively, as shown in Fig. 6.8.

10

- S11 (Ring)
- S21 (Ring)
! ! = S11 (Meander Line)
O cTTTTT == S21 (Meander Line)|{

Si1y Sy (dB)

Frequency (GHz)
Fig. 6.8. Simulated S-parameters of the two-element MIMO with meander-line structure.

6.3.3 Diversity Performance

The diversity performance is a key parameter to judge the effectiveness of
MIMO antennas. Thus, the investigation of the diversity and multiplexing performance
becomes equally essential [16]. ECC can best assess diversity performance. The depth of
ECC describes how good the communication channels are isolated/correlated with each
other. In a MIMO antenna system, the ECC provides a measure of correlation in the
radiation pattern produced by the nth element with the mth element. Due to the lossy
nature of the planar printed antenna, the scattering parameters cannot be used
appropriately for calculating ECC. Instead, the far-field radiation patterns are found more
suitable for calculating ECC [149], and it is given by (5) in [150]. The ECC for the
proposed MIMO antenna calculated using far-field radiation patterns is less than 0.1, as
demonstrated in Fig. 6.9. Another essential parameter is DG, which is evaluated using
(6) in [150]. Fig. 6.9 compares the ECC and DG of the textile MIMO antenna in free
space and on-body. In section 6.4, the impacts of the human body on antenna
performance are examined in detail. The suggested MIMO antenna has a high DG (>9.95)
and an ECC of less than 0.01 in open space, as shown in Fig. 6.9.

Another fundamental parameter that increases the spectral efficiency of the
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MIMO is called multiplexing efficiency (ME). It takes into account the correlation,
efficiency imbalance, and total efficiency. The lesser the losses, the higher is ME. It can
be evaluated using (20) in [151]. Fig. 6.10 compares the ME in free space and on-body.
The ME of the proposed textile antenna (in free space) varies between -1.2 to +1.2 over

the desired frequency range.
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Fig. 6.9. ECC and DG of the two-element MIMO antenna.
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Fig. 6.10. ME of the two-element MIMO antenna.
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6.3.4 Surface Current Distribution

To further understand the mutual coupling between the ports, the surface current
distribution of the suggested two-element textile MIMO antenna is explored. Figs.
6.11(a) and (b) illustrates the surface current distributions of the MIMO antenna (with
and without decoupling elements) at 2.45 GHz and 5.8 GHz, respectively. In the MIMO
antenna design with decoupling devices, the amount of current flowing from one port to
another is negligibly small. The antenna elements have relatively low mutual coupling

because of the decoupling structures between them.

A/m
5

45
40
364
318

Witout def::opll elements

(b)
Fig. 6.11. Surface current distribution of the MIMO antenna at (a) 2.45 GHz (b) 5.8 GHz.

6.3.5 Radiation Pattern

The simulated and measured 2-D far-field radiation patterns of the proposed
MIMO antenna at 2.45 GHz and 5.8 GHz are shown in Figs. 6.12 and 6.13 when either
port-1 or port-2 is excited and when both port-1 and -2 are excited simultaneously. The
3-D far-field radiation patterns of the proposed MIMO antenna are also investigated at
2.45 GHz and 5.8 GHz as shown in Figs. 6.14 and 6.15, when either port-1 or port-2 is
excited and when both port-1 and -2 are excited simultaneously. It is evident that the
proposed MIMO antenna offers a good pattern diversity and better isolation.
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(© (d)

Fig. 6.12. Simulated and measured radiation patterns of the two-element textile MIMO
antenna (at 9=0°): (a) 2.45 GHz/port-1 (b) 2.45 GHz/port-2 (c) 5.8 GHz/port-1 (d) 5.8
GHz/port-2.
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Fig. 6.13. Simulated and measured radiation patterns of the two-element textile MIMO

antenna when both port-1 and -2 are excited simultaneously (at p=0°) : (a) 2.45 GHz (b)

5.8 GHz.
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Fig. 6.14. 3-D radiation patterns of the two-element textile MIMO antenna (a) 2.45
GHz/port-1 (b) 2.45 GHz/port-2 (c) 5.8 GHz/port-1 (d) 5.8 GHz/port-2.
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Fig. 6.15. 3-D radiation patterns of the two-element textile MIMO antenna when both port-
1 and -2 are excited simultaneously (a) 2.45 GHz (b) 5.8 GHz.

6.4 ANTENNA PERFORMANCES ON HUMAN BODY

Furthermore, the proposed MIMO antenna is characterized for different on-body
situations. Two types of phantoms (human tissue models) are chosen to imitate the human
shoulder and arm as shown in Fig. 6.16. The human shoulder tissue model is a three-

layered

(a) (b) (c) (d)
Fig. 6.16. Human tissue models: (a) cubic phantom/x-direction (b) cubic phantom/y-

direction (c) cylindrical phantom/x-direction (d) cylindrical phantom/y-direction.

structure, while the human arm tissue model is a four-layered structure. The dimensions
of the various layers of tissue models are given in Table 6.2. The size of the phantom for
the shoulder model is taken as 200 mm x 100 mm x 70 mm. The length of the arm model
is considered as 350 mm [152]. The model parameters defining the properties of tissues
were taken from the material library of CST. To imitate the garment layers, the MIMO
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antenna was placed 10 mm away from the skin [18]. The performance is investigated in
the x- and y-axis for both cubic and cylindrical tissue models. For the human arm model,

the textile MIMO antenna was bent with a radius of 50 mm.

Table 6.2. Dimensions of the Various Layers of Tissue Models

Bone Skin Fat Muscle
Shoulder Model 3mm 7 mm 60 mm
Arm Model 13 mm 2mm 5 mm 20 mm

6.4.1 Return Loss, Isolation, Gain, and Radiation Efficiency

The S-parameters (S11 and Sy1) of the antenna in free space and on-body (along
the x-axis and y-axis) are shown in Figs. 6.17(a) and (b), respectively. When the antenna
is put on a small-cubic phantom, there is no significant difference. When the antenna is
mounted on a cylindrical phantom, the impedance bandwidth changes slightly. The gain
and efficiency of the antenna are investigated for various phantoms as shown in Figs.
6.18(a) and (b), respectively. It is evident that the gain of the antenna is varying between
3to 5 dBi at 2.45 GHz and 4.8 to 6.6 dBi at 5.8 GHz for different tissue models. The on-
body simulated gains are found to be better than free space [153]. The simulated
efficiency is more than 90% for all the cases except arm bending along the x-direction.
On the arm, the radiation efficiency reduces significantly due to a large bending and

uneven placement of the antenna.
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Fig. 6.17. Simulated S-parameters of the textile MIMO antenna for different tissue models
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Fig. 6.18. Simulated results of the textile MIMO antenna for different tissue

models: (a) gain (b) efficiency.

6.4.2 Diversity Performance

Furthermore, the suggested MIMO antenna's diversity performance is
investigated for several tissue types. In Fig. 6.9, the ECC and DG of the textile MIMO
antenna are shown on body situations. It is evident that the diversity performance of the
antenna is within the desired range even under the influence of various tissue models.
The ME of the antenna is also investigated and found between -3 and +3 for the entire
frequency range in Fig. 6.10.

6.4.3 Radiation Pattern

The 2-D radiation patterns for various tissue models are investigated at 2.45
GHz and 5.8 GHz as shown in Figs. 6.19 and 6.20. As compared to the free space, there
is an insignificant change in the radiation patterns for a cubic phantom. The changes in
radiation patterns can be seen when the antenna is placed on a cylindrical phantom. In
both cases, the pattern diversity is maintained, which provides good isolation between

the antennas.
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Fig. 6.19. Simulated radiation patterns of the two-element textile MIMO antenna (at p=0°)
(a) 2.45 GHz/port-1 (b) 2.45 GHz/port-2 (c) 5.8 GHz/port-1 (d) 5.8 GHz/port-2.
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Fig. 6.20. Simulated radiation patterns of the two-element textile MIMO antenna when
port-1 and -2 are excited simultaneously (at p=0°) (a) 2.45 GHz (b) 5.8 GHz.

6.4.4 Bending Analysis

The bending analysis at differing radii for various tissue models is performed.
The S-parameters (S11 and S»1) of the textile MIMO antenna for different bending radius
are shown in Figs. 6.21(a) and (b), respectively. The center of the proposed MIMO
antenna is kept 10 mm away from the tissue model in all the cases. A small change is
noticed in the performance of the antenna. But, in all instances, the antenna is working

within the required resonance band.
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Fig. 6.21. Bending analysis of the proposed textile MIMO antenna for various tissue
models (a) S11 (b) Sa.

6.4.5 SAR Analysis

Since the human body is in the closed vicinity of the wearable antenna, it is
critically important to calculate the amount of electromagnetic radiation penetrating
into the body. The SAR analysis of the proposed two-element MIMO antenna is
performed numerically, using the CST, with the safety guidelines of the FCC.
According to the FCC, the SAR value must be “less than 1.6 W/Kg for 1 g of human
tissue. ” The study was performed to find out SAR at 2.45 GHz and 5.8 GHz. The power
level that can be used within an acceptable SAR range is shown in Fig. 6.22.
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Fig. 6.22. Simulated results for maximum SAR.
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A comparison of the proposed work with the recent wearable/textile-based
MIMO antennas is illustrated in Table 6.3. Most of the wearable antennas presented in
the literature were designed on the Jeans substrate, which exhibits poor performance at
high frequencies. The proposed antenna, however, is designed with the high-
performing Felt substrate of thickness of 1 mm. The proposed wideband textile MIMO
antenna is easy to design and can be simply integrated with other RF circuitry (such as
rectenna or transceiving components) due to its conformal, lightweight, low-profile,
and simple geometry. For real-time applications, the performance of the antenna can be

maintained by making use of protective coatings.

Table 6.3. Comparison of the Proposed Work with other MIMO Antennas

Gap Maximum | Frequenc Maximum
. No. of Substrate between . q y Port
Ref. Antenna Size Gain Band .
Elements (er) the (dB) (GH2) Isolation
Elements (dB)
Felt
[137] 0.314p%x0.3140 2 0.082/0 2.79 2.40-2.485 20.00
(1.20)
Jeans 1.5-3.8,
[72] 0.4910%0.7940 2 0.082/0 4.00 33.00
2.77) 41-6.1
Jeans
[69] | 0.24510x0.4084¢ 2 (L6) 0.057/0 2.70 3.2-85 32.00
Jeans
[70] | 0.32740%0.5724¢ 2 (L6) 0.049/0 4.40 2.0-8.0 53.00
Felt 0.098/0
Prop. | 0.302/0x0.62140 2 (1.34) 4.33 2.00-6.23 29.26

6.5 CONCLUSION

The body of work described in this chapter was focused on the development of a
textile-based, wideband antenna for MIMO systems. The antenna was fabricated using
textile materials only, and its performance was studied in free space and on-body. A T-
shaped stub and three rectangular rings (loaded on the top and bottom of the Felt
substrate) were used for reducing interference between the antenna elements. The
simulated and measured results are in agreement. The SAR analysis of the proposed
textile antenna was also studied for tissue models (like shoulder and arm), and it works
within the acceptable limits (1.6 W/Kg as specified by FCC) of SAR.
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FULLY-TEXTILE DUAL-BAND DUAL-SENSE MIMO ANTENNA
FOR WBAN/WLAN/ISM/WEARABLE IOT APPLICATIONS

In the previous chapter, the design and development of a wideband textile
“multiple-input-multiple-output” antenna for Industrial, Scientific and Medical
(ISM)/Wearable applications was presented. In this chapter, the designing, modelling,
analysis, fabrication and measurement of a compact fully-textile dual-band dual-sense
two-element “multiple-input-multiple-output (MIMO) ” wearable antenna is presented
for “WBAN/WLAN/ISM/1oT applications.” The proposed antenna is constructed using
the non-conducting textile material (Felt), and the ground plane and the radiating
patches are designed with the conductive -electro-textile material (Sheildit
Superconductive). The fully-textile multiple-input-multiple-output (MIMO) wearable
antenna provides an impedance-matching bandwidth (S11 <—10 dB) in 2.18-3.29 GHz
and 3.92-6.90 GHz bands, circular polarization in the 4.92-5.94 GHz band, isolation
greater than 15 dB, realized gain >2.00 dBi, diversity gain (DG) ~9.90 dB, envelope
correlation coefficient (ECC) <0.12 and multiplexing efficiency between £2.0 over the
resonating bands. The MIMO antenna occupies a volume of 43 x 92 x 1 mm?®. The
proposed fully-textile MIMO antenna can be a suitable choice for all wearable
electronics in body area networks (BANs) due to its compactness and reasonable
performances in free space and on-body. The antenna can be integrated into garments

because of its all-textile layers.

7.1 INTRODUCTION

Due to the rapid advancement of communication technology, wireless devices
for body-centric communication are required [124], [154]. These devices should have
a higher data rate in order to transmit high-quality audio and video messages. They can

be used for remote identification, security system, soldier communication, navigation
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fashion [17], [49], [155]-[157], entertainment, energy harvesting [158], biomedical
telemetry [159], [160], spacesuit [161], healthcare [52], and Internet of things (1oT)
applications [162], [163].

loT technology wirelessly connects all devices or things, from household
appliances to everyday consumer electronics. In lot, the transfer of data does not
necessitate any human or human-to-computer interaction. It has reformed several
aspects of our daily lives. It is reshaping the means people receive medicare and
providing patients and healthcare professionals with cutting-edge insights and
analytics. 10T has covered a wide range of applications, including glucose monitoring,
concussion protection, heart attack prevention, asthma monitoring, movement
disorders, posture correction, medical adherence, and sleep monitoring, and many more
[164], [165]. Wearable antennas play a pivotal role in the realization of “wireless body
area networks (WBANSs)” also known as “body sensor networks (BSNs), or medical
body area networks (MBANSs) [166].” Various surveys predict that wearables will
replace around 40% of smartphones in the coming years [167]. Textile antennas provide
comfort and ease of integration as they can be designed as part of clothing and

accessories. An illustration of a textile-based 10T antenna is shown in Fig. 7.1.

Base Station

Wearable Textile Antenna ( )

Fig. 7.1. Hlustration of textile antenna for 10T
The textile fabrics have been used for many wearable applications because of

their low profile, lightweight, robust nature, conformal, economical cost, and ease of
integration with clothes and apparel [168], [169], [170]. However, the fabrication of
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antennas using these materials is very critical. A textile antenna should radiate
effectively and efficiently under all types of body movements. There are numerous
methods for achieving high performance in wearable devices. The overall performance
of these devices can be enhanced by employing MIMO antennas. The signals radiated
by the antenna system are susceptible to multipath fading and interferences. MIMO
technology helps in handling these issues in a significant manner. MIMO systems can
provide higher data rates and reliability without demanding more bandwidth or
transmitted power [75], [171].

MIMO antennas with circular polarization are more popular in modern wireless
communication systems [172]. In multipath and reflective scenarios, circularly
polarized MIMO antennas outperform linearly polarized MIMO systems [173]. They
provide large spectral efficiency, as they do not encounter polarization mismatch
between the transceivers. Furthermore, they are resistant to signal attenuation and are
less sensitive to antenna physical orientation. However, according to the available
literature, a very few circularly polarized fully-textile MIMO antennas have been
designed by the researchers. A dual-polarized MIMO antenna with electromagnetic
bandgap (EBG) and meandered serpentine resonator was presented for ultra wide band
(UWB) applications in [173]. A two-port MIMO antenna having wide axial ratio
bandwidth was proposed in [174]. In [72], a dual-polarized textile antenna was
presented for wideband MIMO applications. In [69], the wideband MIMO antenna used
a neutralization line as a decoupling structure. In [71], a compact MIMO antenna was
proposed for “ultra-wide-band (UWB) ” wearable applications. A small size wideband
MIMO antenna was designed using textile fabrics for wearable applications in [70]. In
[64], a foldable electro-textile antenna array was developed for mobile router MIMO
applications. In [175], a fully-textile wideband antenna was proposed for ISM/wearable
MIMO applications. The MIMO antennas presented in [173], [174] were circularly
polarized, but designed for non-wearable applications. All other antennas, except for
the one shown in [72], were linearly polarized. However, the antenna in [72] showed
a narrow axial ratio bandwidth of 80 MHz.

The fully-textile MIMO antenna presented in this paper is suitable for 10T and
wearable (ISM, WLAN, and WBAN networks) applications. It covers the frequency
spectra of 2.18-3.29 GHz and 3.92-6.90 GHz and exhibits significant port isolation in
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the resonating frequency bands. The antenna's on-body and off-body performance are
thoroughly investigated in order to validate the design. The proposed fully-textile
MIMO antenna can be easily fabricated and integrated with various RF components,
such as transceiving systems or rectenna, because of its lightweight, low-profile and

conformal design.

7.2 ANTENNA TOPOLOGY
7.2.1 Antenna Design

The designed and fabricated prototypes of the dual-band fully-textile two-
element MIMO wearable antenna are depicted in Figs. 7.2 and 7.3, respectively. The
MIMO antenna is made on a non-conducting Felt fabric substrate having dielectric
constant (er), loss tangent (tan 0) and thickness of 1.34, 0.02 and 1.0 mm respectively.
The characterization of the non-conducting textile fabric was done using an Agilent
E4991A RF impedance and material analyzer. The radiating elements (patch and
ground plane) are made of Sheildit Superconductive (thickness=0.17 mm), which is a
polyester-based Cu/Ni-plated thermally adhesive textile material. The thermally
adhesive materials are suitable for fabricating textile antennas as they can easily be
appended to the other textile substrate material simply by using a dry-iron [128]. The
presented MIMO antenna is fabricated manually using cutting tools. The antenna
elements are fed using 50 Q microstrip feed lines. The antenna is simulated using the
“CST Microwave Studio software®.” Table 7.1 gives the optimized dimensions of the
proposed MIMO wearable antenna. The proposed antenna covers a total volume of 43

x 92 x 1 mm?.
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L"E@' .

(b)
Fig. 7.2. Proposed fully-textile dual-band MIMO antenna: (a) top view, (b) bottom view.

Fig. 7.3. Prototype of the fully-textile MIMO antenna: (a) top view, (b) bottom view.

Table 7.1. Dimensions of the Fully-Textile Two-element MIMO Antenna

Parameter Value (mm) Parameter Value (mm)
L 43.00 P1o 7.06
W 92.00 G 65.00
I 8.00 G2 31.5
f 2.30 Gs 24.40
P1 19.25 Ga 6.21
P2 6.00 Gs 40.35
Ps3 14.00 Gs 2.00
P4 6.85 Gy 1.50
Ps 32.90 Gs 6.00
Ps 39.10 Go 4.63
P7 19.50 Gio 7.10
Ps 2.00 0 125°

P9 9.20
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7.2.2 Antenna Evolution

The step-wise development of the fully-textile 1x2 element MIMO antenna is
depicted in Fig. 7.4. The S-parameters (Si11 and Sz1) and the axial ratio (AR) of the
designing evolution are illustrated in Figs. 7.5, 7.6, and 7.7, respectively. In step-1, two
monopoles, a combination of small- and large-sized rectangular patches, are considered
to cover the middle (2.45 GHz) and upper (5.80 GHz) industrial, scientific and medical
(ISM) bands. On the backside of the substrate, a partial ground plane (of the size of
92.0 mm x 7.10 mm) is used to achieve a wider resonance bandwidth. The antenna
(ANT~1) has a broad impedance matching band ranging from 1.83 to 6.58 GHz but
lacks isolation between the radiating elements. For such small antennas, the ground
plane also serves as a radiator. The surface current causes coupling between the antenna
elements in the ground plane and near-field. The spacing between the radiating antenna
elements can be increased to lessen this coupling, but this result in an overall increased
sizing of the MIMO antenna. In step-2, the gap between the large-sized rectangular-
shaped patches is increased by moving them towards the outer side of the antenna
(ANT~2). In addition, the patches of ANT~2 are cut diagonally to obtain circular
polarization. This creates more space between the radiating elements, resulting in
improved isolation. ANT~2 offers an impedance matching from 4.23 to 6.44 GHz and
more than 15 dB isolation from 2.00 to 3.23 GHz. In step-3 (ANT~3), two elliptical-
shaped patches are integrated on the monopole radiators to improve polarization at
port#1/port#2. The ANT~3 shows good circular polarization (axial ratio < 3 dB) around
4.91 GHz and 6.15 GHz, and an increase in resonating bandwidth (2.22 to 7.46 GHz).
In step-4 (ANT~4), a rectangular-shaped slit is created in each radiating element for
improving the axial ratio. The ANT~4 offers circular polarization around 2.24 GHz and
4.83 GHz. The impedance matching bandwidth and isolation are nearly identical to the
ANT~3. In the next step (ANT~5), an elliptical-shaped ring is etched from the radiating
element to control the frequency of circular polarization. Also, To improve inter-
element isolation at higher frequencies, a vertical stub is added to the ground plane. The
ANT~5 has an impedance matching in 1.69-2.80 GHz and 3.46-6.24 GHz frequency
bands, and circular polarization at 2.99 GHz, 3.68 GHz, and 4.77 GHz. It is evident that
there is a direct relationship between axial ratio and isolation, with higher isolation

contributing to a

152|Page



Fully-Textile Dual-Band Dual-Sense MIMO Antenna For WBAN/WLAN/ISM/Wearable 10T
Applications

(b)

\ 4
Y.
anga

Fig. 7.4. Step-wise development of the fully-textile two-element MIMO antenna: (a)
ANT~1, (b) ANT~2, (c) ANT~3, (d) ANT~4, (e) ANT~5, (f) ANT~6.

better axial ratio. If there is no coupling between the ports, the direction of the electric
fields is not impacted, resulting in improved circular polarization. In step-6, horizontal
and triangular-shaped stubs are introduced in the ground plane (ANT~6) to improve
circular polarization at 5.80 GHz. Also, a rectangular-shaped stub is added to the
ground plane to enhance the isolation between the radiating elements in the resonating
bands. The proposed fully-textile dual-band, dual-sense MIMO antenna (ANT~6)
resonates at 2.18-3.29 GHz and 3.92-6.90 GHz, covering ISM and WLAN bands. It
offers isolation greater than 15 dB in the frequency bands of 1.94-2.99 GHz and 3.77-
7.00 GHz. Circular polarization is achieved in the 4.92-5.94 GHz frequency band
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Fig. 7.7. Simulated axial ratio of the design steps.

7.2.3 Polarization Diversity

The ability of an antenna to offer both left-hand and right-hand circular
polarizations (LHCP and RHCP) is known as polarization diversity. Antenna design
techniques play an important role in achieving circular polarization. One of the best
approaches for achieving polarization diversity in a MIMO antenna is to make a
mirrored image of the antenna element. So, if the first radiating element exhibits LHCP,
the second element shows RHCP, or vice versa.

Fig. 7.8 depicts the surface current distribution of the proposed fully-textile
MIMO antenna at different phases (et = 0 deg, wt = 90 deg, wt = 180 deg, and wt =
270 deg). In radiating element-1, £ and E> represent the mutually perpendicular current
vectors, and E3 is their vector sum. At the phase angle wf = 0 deg, as shown in Fig.
7.8(a), the surface current density increases on the upper left region of the patch (E1)
and the upper edge of the L-shaped strip (£2), and the vector sum (£3) of the two vectors
is traveling in the upper direction towards right side.

At the phase wt = 90 deg, as shown in Fig. 7.8(b), the vector sum (Es) is
traveling in the lower direction towards right side of the left patch, which demonstrates
that the clockwise rotation of the current vectors with time. At wt = 180 deg and w =
270 deg, the vector sum (Es) rotates in the same manner (clockwise direction), as shown

in Figs. 7.8(c) and (d), respectively. Therefore, the antenna element-1 of the proposed
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Fig. 7.8. Surface current distribution at 5.8 GHz when portil and port#2 are excited.

fully-textile MIMO antenna exhibits LHCP operation.

In the antenna element-2, at w¢ = 0 deg, the surface current densities E1 and E»
are increasing is such a way that the vector sum (Es) is traveling in the upper direction
towards left side, as shown in Fig. 7.8(a). At wt = 90 deg, the surface current densities
E: and E> are resulting in vector sum (Ez) traveling in the lower direction towards left
side of the right patch, as shown in Fig. 7.8(b). Similarly, at wz = 180 deg and w¢ = 270
deg, the vector sum (Es) rotates in the anti-clockwise direction as shown in Figs. 7.8(c)
and (d), respectively. Therefore, the antenna element-2 of the proposed fully-textile
MIMO antenna exhibits RHCP operation.

7.2.4 Circuit Model

In order to have a better understanding of the designed MIMO antenna, a circuit
equivalent of the proposed antenna is drawn in Fig. 7.9(a). The radiating patches (patch-
1 and patch-2) are represented by parallel resonating circuits, and the T-shaped
decoupling structure is connected in series with them. One side of the radiating patch
is connected to the 50 Q ports (ports#1 and port#2) and the other side with the ground.
The upper two ends of the T-shaped decoupling structure connect to the corresponding

patches, while the lower end connects to the ground.
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The optimized lumped resistance, inductance, and capacitance values of the
circuit are as follows: R=31.05 Q, L=6.11 nH, C=0.65 pF, R1=8.41 Q, L1=4.3 nH,
C1=0.393 pF, R2=1.0 Q, L>=5.36 Q, C>=0.35 pF, Rs=1.0 Q, L3=13.78 nH, C3=0.851 pF,
R4&=7.9 Q, and Rs=34.5 Q. Fig. 7.9(b) depicts a comparison of S-parameters of EM
simulators and circuit models. The behavior of the circuit model and the EM simulator

is very similar, validating the equivalent circuit of the proposed antenna.

Patch-1

Port#1
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o
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Fig. 7.9. (a) Equivalent circuit of the MIMO antenna, (b) |S11| and |S12| comparison of the
EM and circuit models.
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7.3 ANTENNA PERFORMANCES IN FREE SPACE

7.3.1 Return Loss, Isolation, Axial Ratio, and Gain

The proposed fully-textile MIMO antenna prototype was fabricated, and
measurements were done with an RF vector network analyzer (VNA). The S-
parameters (simulated and experimental Si1 and Sz2) of the proposed fully-textile
MIMO antenna are depicted in Fig. 7.10(a). The resonating bands, bandwidths, and
percentage bandwidths of the proposed antenna are 2.18-3.29 GHz (1.11 GHz, 40.58
%) and 3.92-6.90 GHz (2.98 GHz, 55.08 %). The simulated coupling between (S21)
port#1 and port#2 are “-23 dB” and “-22 dB” at “2.45 GHz” and “5.8 GHz”,
respectively. The axial ratio (simulated and experimental) and gain responses of the
proposed MIMO antenna are depicted in Fig. 7.10(b). The circular polarization is
obtained at the 5.80 GHz frequency band. The peak gains of “3.77 dBi” and “6.16 dBi”
are achieved at “2.45 GHz” and “5.8 GHz” respectively. The proposed fully-textile
MIMO antenna's experimental features match the simulated findings well. A slight
deviation between these results occurs because of the fabrication and measurement

tolerance.
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fffffffffffffffffffffffffffffffffffffffff
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Fig. 7.10. Simulated and experimental results of the proposed antenna: (a) S-parameters

(811 and S22), (b) gain and axial ratio.

7.3.2 Diversity Performance

Factors including the envelope correlation coefficient (ECC), diversity gain
(DG), multiplexing efficiency (ME), and total active reflection coefficient (TARC)
impact the diversity performance of MIMO systems [176].

The ECC can be used to measure the diversity performance of a MIMO antenna.
In MIMO antenna systems, ECC measures the correlation between the nth element and
the mth element. The S-parameters present reasonable results for antennas with very
high radiation efficiency. The radiation efficiency of the printed antenna, however, is
not very high due to its lossy nature. The far-field radiation patterns are preferred over
s-parameters for calculating ECC as they are not dependent on antenna radiation
efficiency [149], [177]. ECC can be evaluated using equation (7.1). The ECC of the
designed fully-textile MIMO antenna is less than 0.12, as depicted in Fig. 7.11.

ECCpypm

2 ) ] 2
|f0 i fon[XPR ) EBnEBmPQ + E(Z)nE(Z)mP@]d'Q

2 * * 2 * *
S J[XPR - EgnEj,Pg + EgnEg,Pold X [ [*[XPR - EgmE,,Pg + EgmEgy, Pl
(7.1)
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Another essential parameter of the MIMO systems is the DG, which can be
evaluated using equation (7.2) [178].

DG = 104/ 1 — ECC?2 (7.2)

Fig. 7.11 shows the DG of the proposed fully-textile MIMO antenna, and it is
observed that the antenna offers DG >9.90 dB in free space.
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Fig. 7.11. ECC and DG of the proposed antenna.

ME is another important parameter to characterize the spectral efficiency of

MIMO antennas. It can be evaluated using equation (7.3) [151].

Mmux = \/771 ny (1— |T‘|2) (7.3)
The ME of the fully-textile MIMO antenna is shown in Fig. 7.12 for both on-

body and off-body conditions. The ME of the proposed fully-textile MIMO antenna
varies between +2.0.
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Fig. 7.12. ME of the fully-textile two-element MIMO antenna.

When multiport wireless systems work simultaneously, the antenna
performance may be adversely affected. This effect can be calculated using equation
(7.4) [179].

TARC = J(511+522)3;(521+512)2 (74)

Fig. 7.13 shows the experimental and simulated curves of TARC. The TARC values
are less than 10 dB throughout the resonating bandwidth.
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Fig. 7.13. TARC of the fully-textile two-element MIMO antenna.
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7.3.3. Surface Current Distribution

The investigation of the surface current distribution was performed to
understand the inter-element coupling. Figs. 7.14(a) and (b) compares the distribution
of the surface current, with and without decoupling elements, of the fully-textile MIMO
antenna at “2.45 GHz” and “5.8 GHz”, respectively. It's worth noting that the amount
of surface current flowing from port-1/2 to port-2/1 in the proposed fully-textile MIMO
antenna with decoupling structures is quite small. The structures inserted between the
radiating elements induce a high isolation between them by decreasing the mutual

coupling.

Jsurf [A/m]

12,0000
.u 2000
10, Yoo

9. 6000

Without decoupling element With decoupling element

(b)
Fig. 7.14. Surface current distribution of the fully-textile MIMO antenna: (a) 2.45 GHz,
(b) 5.8 GHz.

7.3.4 Radiation Pattern

Figs. 7.15 and 7.16 illustrate the far-field 3-D radiation patterns of the proposed
fully-textile MIMO antenna at “2.45 GHz” and “5.8 GHz ”, when either of the ports is
excited and when both the ports are excited at the same instant of time. It is clearly seen
that the proposed fully-textile MIMO antenna provides improved isolation as well as
good polarization and pattern diversity.
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Fig. 7.15. Radiation patterns of the proposed antenna: (a) 2.45 GHz/Port#1, (b) 2.45
GHz/Port#2, (c) 5.8 GHz/Port#1, (d) 5.8 GHz/Port#2.
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Fig. 7.16. Radiation patterns of the proposed antenna when port#l and port#2 are excited
simultaneously: (a) 2.45 GHz, (b) 5.8 GHz.

7.4 ANTENNA PERFORMANCES ON HUMAN BODY

Moreover, the proposed fully-textile MIMO antenna is characterized for various
on-body scenarios. Fig. 7.17 depicts the human tissue models (phantoms) chosen to
mimic the human chest/back and arm. A three-layered structure is used to mimic the
tissue model for the human chest/back, while a four-layered structure is used to mimic
the tissue model for the human arm. The dimensions of the two human phantoms are
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furnished in Table 7.2. The size of the phantom for the cubic model is kept as 150 x
150 x 70 mm?3, The length of the arm phantom/model is kept as 300 mm [116]. The
realistic model parameters for the dielectric properties of various tissue layers were
acquired from the CST library of materials. A distance of 10 mm was used between the
proposed fully-textile MIMO antenna and the skin to imitate the clothing layers [18].
The performance of cylindrical tissue models is investigated on the x-axis and y-axis.
For the cylindrical models (human arm phantom), the fully-textile MIMO antenna was

bent along the E/H-plane with a radius of 50 mm.

(a) (b) (c)

Fig. 7.17. Human tissue models/phantoms: (a) cubic phantom, (b) cylindrical phantom/x-

direction, (c) cylindrical phantom/y-direction.

Table 7.2. Dimensions of the Tissue Models

Bone Skin Fat Muscle
Cubic Model
(Chest/Back) 3mm 7 mm 60 mm
Cylindrical Model 13 mm 2 mm 5 mm 20 mm
(Arm)

7.4.1 Return Loss (S11), Isolation (S21), Axial Ratio, Gain, and Radiation
Efficiency

The S-parameters of the MIMO antenna for on-body and off-body conditions
(along the x- and y-axis for cylindrical model) are depicted in Figs. 7.18(a) and (b),
respectively. When the antenna is in close proximity to the cubic phantom, there is a
significant change.

The simulated axial ratio for various tissue models is shown in Fig. 7.19. At the
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5.80 GHz frequency, the circular polarization is maintained in all cases. The gain and
radiation efficiency of the proposed fully-textile MIMO antenna are examined for
various tissue models, as depicted in Figs. 7.20 (a) and (b), respectively. The gain of
the MIMO antenna is varying from 2 to 7 dBi in the operating band for different tissue
models. It is evident that the simulated radiation efficiency is more than 90 % for all
the cases.
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Fig. 7.18. Simulated S-parameters of the proposed antenna for different phantoms: (a)
S11, (b) S21.
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Fig. 7.19. Axial ratio (simulated) of the proposed antenna for various phantoms.
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Fig. 7.20. Simulated results of the proposed antenna for different phantoms: (a) gain, (b)

Radiation Efficiency (%)

radiation efficiency.

7.4.2 Diversity Performance

For various human phantoms, the diversity performance of the suggested
MIMO antenna is examined. The “ECC (envelope correlation coefficient)” and “DG
(diversity gain) ” of the proposed antenna for “on-body ” and “off-body ” conditions are
shown in Fig. 7.11. The ME of the fully-textile MIMO antenna is also examined for
both conditions and found to be between £2 for the entire resonating band, as illustrated
in Fig. 7.12. The diversity performance of the MIMO antenna is found to be within the

optimum desired range when loaded with different human phantoms.

7.4.3 Radiation Pattern

The 3-D radiation patterns for on-body conditions are examined at 2.45 GHz
and 5.80 GHz, as depicted in Fig 7.21. The pattern diversity is maintained in all cases
(cubic model, bent x-model, and bent y-model), as a result, there is good isolation

between the radiating antenna elements.
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5.80 GHz

(©)

Fig. 7.21. 3-D radiation patterns of the proposed antenna: (a) cubic model, (b) bent x-

model, (c) bent y-model.

7.4.4 Bending Analysis

The bending analysis of the MIMO antenna was performed at differing radii
under the influence of cylindrical phantoms. The S-parameters (S11, S21) and the axial
ratio of the proposed antenna for different bending radii are depicted in Figs. 7.22(a),
(b), and (c), respectively. A distance of 10 mm was kept between the proposed antenna
and the phantoms for all cases. A little change is observed in the characteristics of the
antenna. But, the proposed MIMO antenna is found to be working well within the

required resonating bands at all instances.
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Fig. 7.22. Bending analysis of the proposed fully-textile MIMO antenna for various
phantoms: (a) S11, (b) S21, (c) axial ratio.

7.4.5 Specific Absorption Ratio (SAR)
The SAR analysis of the proposed MIMO antenna is done using the CST

Microwave Studio® for human phantom (cubic phantom) in accordance with the safety
guidelines given by Federal Communications Commission (FCC). Fig. 7.23 depicts the
maximum simulated power levels falling within an acceptable SAR range for both
“United States (US)” and “International Commission on Non-lonizing Radiation
Protection (ICNIRP) standards. ”
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Fig. 7.23. Simulated results for maximum SAR.

The performance comparison of the proposed work with the recent state-of-art
textile and non-textile wearable MIMO antennas is given in Table 7.3. Linearly
polarized antennas make up the majority of the antennas described in the literature,
except the one presented in [72], however, it showed a narrow axial ratio bandwidth.
The proposed antenna, however, is designed with a significantly higher axial ratio
bandwidth. The proposed dual-band dual-sense fully-textile MIMO antenna can be
easily designed and integrated with RF circuitry (such as transceiving components or
rectennas) due to its simple geometry, light-weight, low-profile and conformal nature.

Table 7.3. Comparison of the Proposed Work with other Reported MIMO Antenna

Area Substrate Impedance Impedance sgi?(!
Ref. (mmxmm) (@) Band Bandwidth Band Polarization Application
(GHz) (GHz) (GH2)
FR4 Linear,
[173] 29.0x58.0 (4.4) 3.10-10.60 7.50 6.00-10.60 Elliptical Non-Wearable
[174] 94.0x94.0 (IZR;‘) 1.10-1.70 0.60 1.07-1.73 Circular Non-Wearable
Jeans 1.50-3.80, 2.30, 2.20-2.48, Circular,
[72] | 110.0x970 (L.77) 4.20-6.20 2.00 Linear Wearable
[69] | 30.0x50.0 J(elag)s 3.14-9.73 6.59 Linear Wearable
Jeans .
[71] 35.0%55.0 (1.6) 2.74-12.33 9.59 - Linear Wearable
Jeans .
[70] 40.0x70.0 (16) 2.40-8.00 5.60 Linear Wearable
[64] 168.0x96.0 ('1: 61% 1.40-5.00 3.60 Linear Wearable
Felt 2.18-3.29, 1.11, . .
Prop. 43.0x92.0 (1.34) 3.92-6.90 508 4.92-594 Linear, circular Wearable
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7.5 CONCLUSION

The work was focused on the development of a textile-based, dual-band, dual-
sense MIMO antenna for loT and wearable applications. The presented MIMO antenna
is completely textile, and its performances were studied for both on-body and off-body
conditions. A rectangular-shaped stub, two triangular-shaped stubs, and a T-shaped
stub (loaded on the backside of the substrate) were used decoupling structure. The
simulated and experimental results are validated. The SAR analysis of the proposed
fully-textile MIMO antenna was also studied for cubic and cylindrical phantoms
(mimicking human chest/back and arm), and it was found to be working within the
acceptable limits of of SAR (1.6 W/Kg, as specified by FCC).
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CONCLUSION AND FUTURE SCOPE

The key focus of this thesis is the investigation, designing, analysis and
development of wearable non-textile and textile patch antennas for Body Area Network
(BAN). This chapter concludes the so far reported works in the dissertation. A brief
description of the need, adopted methodology and summary of the proposed work are

also given. It also discusses the limitations and future scope of this work.

8.1 CONCLUSION

This thesis presents the work on the design and development of wearable
antennas for “body area networks (BAN).” The designing, simulation, analysis,
fabrication and testing of five wearable antennas have been done in this work. In the
initial phase, the antennas are designed and simulated for the study of various important
antenna parameters such as s-parameters, bandwidth, gain, surface current distribution,
radiation pattern, etc. After that, the parametric analysis is performed for optimization
of the designed antenna to achieve the best possible desired result. Subsequently, the
bending and specific absorption ratio (SAR) analysis were performed to check the
suitability of designed antennas for wearable applications. In the final phase, the
designed antennas are fabricated and tested to validate the simulated results.

In chapter 3, a dual-band patch antenna is proposed for 902-928 MHz and 2400-
2500 MHz ISM bands. This antenna is designed for non-textile, flexible materials for
wearable applications. It uses a microstrip line feed monopole antenna for the excitation
of the antenna. The concept of slotting is utilized for achieving the dual resonance. The
antenna was deliberately designed for covering lower and middle ISM bands to reduce

the possibility of health hazards that arises due to EM wave exposure.
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Although, the ISM bands are not allowed to be used for any RF purposes
excluding telecommunication but they tend to face interference from the sources like
Microwave ovens and RF Heating. To avoid this, the authors have proposed a
wideband, non-textile, and flexible antenna for wireless telemetry services (WMTYS)
bands in chapter 4. The Federal Communications Commission (FFC) has established
the WMTS exclusively for wireless medical telemetry. It provides interference-free
medical telemetry from other radio frequency (RF) sources. The proposed antenna
covers two WMTS bands namely 1395-1400 MHz and 1427-1432 MHz bands. It is a
coplanar waveguide (CPW) fed antenna, which uses the concept of a meander-lined
structure for achieving the wide bandwidth by covering the lower frequency. The
proposed antenna overcomes the disadvantages posed by narrowband wearable
antennas.

The antennas proposed in chapter 3 and chapter 4 are designed on non-textile
and flexible substrates. For wearable applications, these antennas must be placed on the
human body, which causes discomfort to the wearer. This can be overcome by using
fully-textile antennas that can be integrated into clothes without creating any discomfort
to the user. Hence, in chapter 5, a fully textile, ultra-miniaturized antenna is proposed
for 2.45/5.8 GHz ISM bands. Many textile materials were considered for
characterization to explore the design possibilities. The proposed antenna uses a simple
C-shaped monopole structure excited by a microstrip feed line along with a partial
ground plane. It is a low-cost antenna that can be easily integrated into clothes for
wearable applications.

All the aforementioned antennas use single monopole structures and fall under
the category of “single-input-single-output (SISO)” systems. The “multiple-input-
multiple-output (MIMO) ” systems have various advantages over SISO systems. The
MIMO systems use many antennas for transmission and reception simultaneously.
They are used to achieve high data rate, reduced bit-error-rate, low fading effect and
high spectral efficiency. Besides, there were very few fully-textile MIMO antennas in
the available literature for wearable applications. Thus, a fully-textile, two-element
wide-band MIMO antenna is presented in chapter 6. The antenna uses two monopole
structures excited by microstrip feed lines. It uses a T-shaped stub and three rectangular
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rings for achieving the isolation between the radiating elements. The antenna has a high
fractional bandwidth and can be ISM and WLAN bands for wearable applications.

The circularly polarized antennas are preferred over the linearly polarized
antennas due to their ability to reject multipath interference. Their structures are
generally complex and can be used in an enclosed environment. On the other hand, the
linearly polarized antennas have a simple structure and can be used for long-distance
communication. The dual-band antennas having dual-polarization can be used to cover
both aspects. Thus, a dual-band, dual-sense, fully-textile MIMO antenna is proposed in
chapter 7. This antenna covers 2.18-3.29 GHz and 3.92-6.90 GHz frequency bands with
circular polarization in the frequency range of 4.92-5.94 GHz. The antenna uses a
rectangular-shaped stub, a T-shaped stub and two triangular-shaped stubs for ensuring
the isolation of greater than 15 dB between the radiating elements. The antenna can be
used in wearable electronics due to its easy integration into clothes and could be a good
candidate for a wireless body area network (WBAN).

The bending and SAR analysis performed for various human tissue models
(phantoms) of all the proposed antennas show that they can be used for wearable
applications in the body area network. The main characteristics of all the five proposed

antennas are shown in Table 8.1.

Table 8.1. Summary of Proposed Antennas

Dielectric
Antenna | AN 1 Aptenna | Material | Conductive | SuS710) BW | Application
Design Size Type (er) Material Band (MHz) Band
g (mm?) yp r (GH2)
FR-4 0.9020.928, | 23, ISM
ANT 1 | 50x70x0.8 | Monopole (4.4) Copper 2 400-2 500 80
FR-4 1.395-1.400,
ANT 2 | 52x48%0.8 | Monopole (4.4) Copper 1.497-1.432 620 WMTS
Felt Sheildlt 227262, | 350,
ANT3 | 20x30x1 | Monopole | 5 Super | 467633 | 1660 ISM
Two .
ANT4 | 37x76x1 | Element (52'2) S;‘S"gr" 200-6.23 | 4230 ISM
MIMO ' P
Two .
Felt Sheildlt 2.18-329, | 1110, ISM,
ANTS | 43x92x1 E,\'/Ielrpﬂegt (1.34) Super 3.92-690 | 2980 WLAN
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8.2 IMPACT OF PROPOSED WORK

In this thesis, the proposed antennas have reasonable off-body and on-body
performance characteristics for wearable applications. Out of five proposed antennas,
the two antennas can be placed on the human body while three antennas can be easily
integrated into clothes without creating any discomfort to the wearer. In addition, all
the proposed antenna designs involve the basic concepts of microstrip patch antennas
(MPASs) having simple constructions and easy fabrication techniques. Hence, the
proposed designs are promising candidates for different wireless communication bands
in the body area network (BAN).

8.3 LIMITATIONS OF PROPOSED WORK

Every research faces some limitations and the goal of the researchers is to
overcome those limitations. The work presented in the thesis comprising of five designs
also faced some limitations as follows:

e Fabrication of the antenna designs, especially fully-textile antennas, was done
using manual methods, which resulted in a slight mismatching between the
simulated and measured results.

e Realization of the accurate size of antenna designs was also difficult using
manual cutting tools. The accurate designs can be realized by making use of

laser cutting tools.

8.4 FUTURE SCOPE
This thesis investigates the wearable antennas for the “wireless body area
networks (WBANS).” It proposes the five antenna designs for wearable applications.
There is a wide scope for further research in this field, which can be pursued in the
future. Some of the important suggestions that can be taken up for further study are as
follows:
e The robustness of the fully-textile antennas can be tested by doing
measurements before and after washing and dry ironing.
e The concept of multilayer dielectric substrate of same and/or different textile

materials can be explored further for enhancing the performance of the antenna.
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The wideband, circularly polarized, fully-textile MIMO antenna can also be
designed and developed.

The antennas for ultra wide band (UWB) can also be designed and developed
using textile materials.

More than two-element fully-textile MIMO antennas can also be developed.
The concept of metamaterials can be used in fully-textile antennas for enhancing
the performance of the antenna and reducing SAR levels.

The energy harvesting techniques can also be used in fully-textile antennas for
generating power from radio frequency (RF) energy available in free space.
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Abstract

In this paper. a small size, planar, dual-band antenna is proposed for I1SM band applica-
tions. The antenna consists of a ground plane, a rectangular patch, and a microstrip feed
line of 50 2. The antenna patch is loaded with several slots to obtain dual resonances in
the range of ¥2-928 MHz and 2400-2480 MHz. covering the lower and higher ISM band
frequencies, respectively. The simulated and measured results are presented to validate
the proposed antenna design. The specific absorption rate results show that the proposed
antenna operates within the approved standard limits and can be used as a flexible antenna.

Keywords Antenna - Bending - [SM - Planar - Wearable

1 Intreduction

Due to the increasing demand for wearable electronics systems, the wireless body area net-
works (BANs) and biotelemetry devices have gained considerable attention, recently. With
the rapid growth of wearable technology in health monitoring, telecommunication, search/
rescue operation, and various other civil and military applications, the designing of wear-
able antennas has garnered significant attention from researchers and engineers [1]. In sup-
port of body communication systems, IEEE 802.15 standardization group was established
to standardize on-body, off-body, or in-body communication applications. Body-centric
communication (BCC) takes its place firmly within the sphere of the personal area net-
work (PAN) and BANs [2]. Recent advances in wireless technology led to the advent of
BANs, which is an active research area as it has great potential for improvement in the
above-mentioned applications, particularly in the healthcare sector [3]. Wireless BANs
contain numerous heterogeneous biological sensors placed on different parts of the body
or implanted under the skin. In BCC, several communication nodes are placed in close
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Abstract

In this paper, a planar small size coplanar waveguide (CPW )-fed wideband antenna is pre-
sented for wearable applications. The antenna operates for 13951400 MHz and 1427-
1432 MHz wireless medical telemetry service (WMTS) bands. The center frequencies
of the two bands are 1397.5 MHz and 1429.5 MHz. The antenna occupies a volume of
48 mmx 52 mm (0.8 mm. The simulated and measured reflection coefficients, radiation
patterns and gain are calculated and found to be in good agreement, validating the pro-
posed antenna design. The simulation results for SAR and bending are also presented to
demonstrate that the proposed antenna operates within the approved limits and can be fab-
ricated on a flexible substrate.

Keywords Antenna - Health monitoring - Wearable technology - Wideband - Wireless
telemetry applications

1 Introduction

Wearable antennas are gaining popularity these days due to their attractive features, func-
tionality and applications. Planar, conformal, flexible, lightweight, low cost and port-
able antennas are preferred for wireless communication and sensing applications. These
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Abstract

A compact, wideband, two-element textile multiple-imput-mul fple-output
(MIMO) antenna is presented for industrial, scientific and medical (ISMY
wearable applications. The proposed structure is composed of the Felt material
substrate, and the ground plane and radiating patch are formed using
Shieldit™ Super conductive material. The designed MIMO antenna offers a
wide impedance matching bandwidth (S, € —10 dB) of 2.00—6.23 GHz, a very
low mutmal coupling of (Sy; mx) —29.26 dB, low envelope correlation coeffi-
cient <001, high diversity gain ~995 dB, and realized gain of more than
288 dBi, over the entire band. The prototype of the proposed antenna geome-
try is fabricated, and it has a size of 76 % 37 mm”. The proposed antenna could
be a good candidate for wearable electronic devices due to its compact size, all

Emall: guptasae hin 0708 @gmal Loom
performance.

KEYWORDS

1 | INTRODUCTION

Recently, several studies have been done om wearable
antenna design, as body-centric wireless communication
systems are drawing substantial attention due to their
broad applications in many areas.™ These wide ranges of
applications include navigation, soldier communications,
remote identification, security systems, wearable com-
puter technology, entertainment, fashion, environmen-
tal/biophysical ~parameters, monitoring for rescue
workers, and healthcare. The main component for all the
aforementioned applications is a wearable antenna that
transfers the data wirelesly from on-body sensors to a
centralized database/computing unit. The textile

textile layers, easy integration,

robusmess, and reasonable on-body

ISM hand, ol tiple-input-nmuldple-output (MIAMO), textile antenna, wearsble, wideband

materials have been potential candidates for designing
wearable antennas due to their comfort, robustness, and
camouflaged integration with apparel. Moreover, the
design and fabrication of a textile wearable antenna is a
critical part of the performance of wearable links. These
antennas need to radiate effectively and efficiently under
different physical constraints such as stretching, crum-
pling, bending, and body movements.””

With the rapid advancement of wireless communica-
tion technology, the high-performance modermn commu-
nication systems with very high data rate and low cost
are becoming imperative. The technological growth in
wireless communication requires an increased data
transfer rate, which can be achieved by increasing the
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