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Abstract

N the last two decades, wireless body area networks (WBANSs) have seen a
rapid development to support a wide range of applications in our daily life.
Fostered by this development, wearable textile antennas, as potential compo-
nents of such networks, have attracted more and more research interests. Furthermore,
several practical realizations of reconfigurable wearable antennas have been proposed
aiming to maintain the required antenna performance of flexible devices under disad-
vantageous conformal conditions and changing operating environments. In this con-
text, a number of reconfigurable wearable antennas, as well as several passive wearable
antennas with additional functionalities, are proposed in this thesis. These designs will

be presented in three main parts.

The first main part of the dissertation will discuss the techniques and components used
to realize reconfigurable wearable antennas. Starting with Chapter 3, the pros and
cons of four different shorting strategies realized using standard components in wear-
able antenna designs are investigated. The comparison between these four shorting
methods is conducted comprehensively aiming at guiding designers in selection of the
most appropriate shorting method for their specific application. Chapter 4 proposes a
novel reconfiguration module to provide a stable and repeatable electrical connection

between rigid electronics and flexible textile conductors in a coplanar arrangement.

Chapter 5 through Chapter 7 form the second main part of the thesis, which focuses on
reconfigurable wearable antenna designs utilizing the proposed techniques and com-
ponents. A wide range of reconfigurable wearable antennas is proposed in this part in-
cluding frequency-, radiation pattern- and polarization-reconfigurable antennas. The
chapter also includes reconfigurable wearable antennas designed with the combina-
tion of these tunability. The proposed antennas have significant improvement in their
versatility compared to passive wearable antennas reported in the literature. More

importantly, the practicability of the proposed antennas is successfully demonstrated.
p Y p y prop y

The last main part of the thesis presents wearable antennas integrated with radio fre-
quency identification (RFID) sensor modules. Chapter 8 proposes a wearable textile
antenna with a computational battery-less RFID module fully integrated in the an-

tenna cavity. The antenna and the RFID module form a complete device which is
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Abstract

demonstrated to work well in practical situations. In Chapter 9, a dual-band recon-
tigurable ultra high frequency (UHF) wearable antenna and a dual-band dual-port re-

configurable textile antenna for wearable UHF applications are presented.

In summary, this dissertation provides new concepts, techniques and components to
design reconfigurable wearable antennas. Based on the proposed techniques and com-
ponents, a wide range of novel reconfigurable wearable antennas with promising prac-

ticability are presented.
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Introduction

HIS introductory chapter provides an overview of reconfigurable
antennas in general and reconfigurable wearable antennas in par-
ticular. This includes the applications of reconfigurable wearable
antennas, design strategies and challenges. An overview of the thesis ob-
jectives and motivation is then given, with a list of original contributions
associated with the research work. The thesis outline is presented to con-

clude the chapter.
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1.1 Introduction and motivation

1.1 Introduction and motivation

Wearable antennas have attracted more and more interests from both industry and
academia due to the increasing popularity of body-centric wireless communications.
Various types of wearable antennas have been developed to satisfy the stringent re-
quirements of the harsh on-body operating environment. To cope with the dynamic
change of the human body in movement, numerous passive wearable textile antennas
with noticeable characteristics of flexibility and light weight have been demonstrated
in the recent literature [1-5]. Because of the growing requirements for multi-functional
wireless communications, several additional functionalities have been added to pas-
sive wearable antennas to provide versatile modularity for various communications
standards. These functionalities include but are not limited to operating in multi-
band [6-9] or ultra-wide band [10-14] modalities. Furthermore, to keep the opera-
tion of wearable textile antennas stable in a dynamically changing body-centric wire-
less communications scenario, antennas with some degree of agility in their radiation

property are desirable.

The recent literature has demonstrated a significant number of active components-
based reconfigurable antennas which offered an agility in resonance frequency [15-17],
radiation patterns [18-20], polarization [21-23] and combination of these reconfig-
urable characteristics [24-27]. However, these antennas were implemented on rigid
material substrates which might be inappropriate for wearable applications. By con-
trast, there have been a very limited number of reconfigurable wearable textile anten-
nas reported in the literature [28-30]. This is because wearable textiles antennas often
need to satisfy more requirements of mechanical and electrical robustness, body-to-
antenna isolation, easy-to-fabrication, than corresponding rigid antennas. The other
crucial reason that limits the realization of reconfigurable wearable antennas is the
challenge from realizing robust connections between the rigid active components and

flexible conductive layers that form the basis of textile wearable antennas.

In the context of the stated challenges, several techniques and components to design
reconfigurable wearable textile antennas will be discussed. After that, the dissertation

will propose various passive and reconfigurable wearable antenna designs.
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1.2 Objectives of the thesis

There are three main investigation areas in this thesis which are described in details in

the following.

1. Techniques and components for reconfigurable textile antennas

Microstrip antennas have been widely used since decades in many applications
of our life such as health-care, sport and mobile communications [31-34]. This is
because microstrip antennas usually exhibits advantageous characteristics such
as low profile, low cost and mechanical robustness. In order to further expand the
microstrip antennas’ functionalities, several design methods have been reported
in the literature including introducing slots, shorting vias or implementing re-
configurability through addition of tuning components. These design methods
are usually convenient to implement in standard technologies for rigid-material-
based antennas, for example by drilling and then metalizing the substrate to re-
alize shorting vias, and/or by using soldering to assemble active components on
the antennas aiming to provide reconfigurability. Nevertheless, in the context of
wearable textile antennas, implementation of shorting methods or realization of
robust connection between active components and conductive textile materials
are challenging tasks. In this context, the first objective of this thesis is divided

into two parts:

(i) Several methods to implement a connection between wearable textile antenna
conducting layers and their ground planes have been proposed in the literature
such as embroidered walls [35,136], folded strips of metalized fabric [28] and
snap-on buttons [37]. However, a comprehensive analysis of pros and cons of
these shorting methods has been lacking, especially in regards to simulation chal-
lenges, fabrication complexity, radiation performance, mechanical stability and
modularity. As a result, the first part of this thesis area aims to investigate the
strengths and weaknesses of four popular shorting methods used in wearable
textile antenna designs, including embroidered vias, folded strips of metalized

fabrics, eyelets, and snap-on buttons.

(ii) As mentioned, there has been a challenge in realizing robust connections be-

tween lumped electronic passive and active components and textiles material to
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1.2 Objectives of the thesis

be used in reconfigurable wearable textile antennas. There have been two meth-
ods reported in the literature to overcome this challenge which are using poly-
dimethylsiloxane (PDMS) substrates to immobilize lumped components [29,30]
or utilization of a reconfiguration module [28]. In this second part of the first
objective of this thesis, a novel reconfiguration module with coplanar snap-on

connections is proposed for reconfigurable wearable textile antenna designs.

2. Multifunctional wearable textile antennas

Flexibility, light weight and low cost are must-have characteristics that need to
be considered while designing wearable antennas. Recently, in order to enhance
the functionality of wearable antennas, reconfigurability has been increasingly
considered to satisfy requirements of the raising complex of wireless communi-
cations systems. Nevertheless, the number of practical wearable antennas has
still remained limited due to the challenges in realization of reconfigurability on
textile materials. Based on the techniques and components presented in the first
research area, the second objective of this thesis is to design several novel recon-
figurable wearable antennas. The antennas included in this part not only can be

agile in resonance frequency, but also radiation pattern and polarization.

3. Passive RFID sensor integration with wearable antennas

Radio Frequency Identification (RFID) technology has become increasingly im-
portant in our daily life. Simple RFID chips can be found in numerous applica-
tions such as structural monitoring, item tracking and health care. RFID chips
are usually integrated with their host antennas to communicate with an external
reader system. However, for advanced functionalities in human activity moni-
toring where computational RFID modules are required, the integration of RFID
modules with wearable antennas is challenging. There have been several meth-
ods reported in the literature to integrate the antenna and the electronics into a
single package [38-40]. However, none of these solutions provide a secure pro-
tection for the electronic module which is crucial in a dynamically changing en-
vironment, as encountered in wearable applications. In this context, the third ob-
jective of the dissertation is to propose a novel integration method to completely
incorporate a bulky battery-less computational RFID module inside the resonant

cavity of a wearable antenna.
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1.3 Summary of original contributions

There are several original contributions to the field of flexible and reconfigurable wear-

able antennas included in this dissertation, as listed in the following.

1.3.1 Techniques and components for reconfigurable textile antennas

This section lists the original contributions on several techniques and components used

to design passive and reconfigurable wearable textile antennas.

¢ Four main shorting methods usually used in wearable antenna designs have been
comprehensively analyzed. These shorting strategies include embroidered vias,
folded strips of metalized fabric, eyelets and snap-on buttons. Two antenna struc-
tures including a Planar Inverted-F Antenna (PIFA) and a monopole patch an-
tenna with edge shortings utilizing the investigating shorting methods have been
designed and fabricated for experimental characterization. The extensive results
gathered in this study indicate that each shorting method exhibits different ad-
vantages and disadvantages with respect to simulation, fabrication, antenna per-
formance, mechanical stability and modularity. Depending on the particular ap-
plication requirements, this investigation will help designers to select the most
appropriate shorting method. This investigation has been published in the IEEE
Antennas and Propagation Magazine under the tile of “Shorting Strategies for Wear-
able Textile Antennas: A review of four shorting methods ” [41]. A summary of
the antenna designs reported in [41] was presented at the 2021 IEEE Asia-Pacific
Microwave Conference (APMC) under the title of “Dual-Band Dual-Mode Wearable
Textile Antennas for On-Body and Off-Body Communications ” [42].

¢ Exploiting the detachable connections offered by metallic snap-on fasteners, a
modular wearable textile antenna with pattern-interchangeability is designed,
fabricated and experimentally characterized. The antenna can simultaneously
cover the 2.45 and 5.8 GHz Industrial, Scientific and Medial (ISM) radio bands.
The proposed antenna can switch between broadside and monopole-like radi-
ations at 2.45 GHz , while the radiation characteristics at 5.8 GHz remain un-
changed. This design has been submitted to the 2022 International Symposium on
Antennas and Propagation under the tile of “Modular Wearable Textile Antenna

with Pattern-Interchangeability using Snap-on Buttons ”.
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* A coplanar reconfiguration module based on a small printed circuit board and
metallic snap-on buttons is proposed for reconfigurable wearable antenna de-
signs. The module concept can be used to realize a stable and repeatable con-
nection between lumped components and conductive textiles in coplanar agree-
ment. Based on the simulation results, the proposed reconfiguration module is
predicted to provide a promising solution to design reconfigurable wearable an-
tennas. This design was presented at the 2019 IEEE Asia-Pacific Microwave Confer-
ence (APMC) under the tile of “A Reconfiguration Module with Coplanar Snap-

On Connection for Wearable Textile Antennas” [43].

* A reconfiguration solution based on switching components including RF-switch
ICs and PIN diodes is proposed for reconfigurable wearable textile antennas. A
vertical reconfiguration module is used to integrate the switching components
into wearable texitle antennas. A simple PIFA structure is designed, fabricated
and measured to demonstrate the feasibility of the design concept. This design
has been submitted to the 2022 IEEE Asia-Pacific Microwave Conference (APMC)
under the tile of “Utilization of RF-switch ICs and PIN diodes in Reconfigurable

Wearable Textile Antennas ”.

1.3.2 Multifunctional wearable textile antennas

In this section, a summary of the original contributions in relation to reconfigurable

wearable textile antennas is presented.

* A frequency-reconfigurable antenna with very wide tuning range of approxi-
mately 70% is proposed. To realize an octave tuning range, the antenna is de-
signed to provide a continuous transition between a quarter-wave mode and a
half-wave patch mode. This radiation mode transition is achieved by combining
an antenna structure and an optimized coplanar reconfiguration module. The
wide frequency tuning range principle is analyzed using equivalent circuit model
before the proposed antenna is designed, fabricated and measured. Experiment
results of the fabricated antenna validate the design concept. This antenna de-
sign was published in IEEE Transactions on Antennas and Propagation under the
tile of “A Frequency-Reconfigurable Wearable Textile Antenna with One-Octave

Tuning Range” [44].
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¢ A dual-band frequency-reconfigurable antenna designed to simultaneously op-
erate in the 2.45 and 5.8 GHz ISM radio bands is presented. The antenna structure
is based on a PIFA structure combined with a reconfiguration module reported
in [44]. The antenna performance in both bands is validated through measure-
ment results of a fabricated antenna, demonstrating a wide frequency tuning
range of 48.6% at the lower band and 18.3% at the higher band. This antenna
design was presented at the 2022 IEEE International Symposium on Antennas and
Propagation and USNC-URSI Radio Science Meeting (APS/URSI) under the tile of
“Dual-Band Frequency-Reconfigurable Flexible Wearable Textile Antenna” [45].

¢ Using advanced infrared thermography, the thermal behavior of a frequency-
reconfigurable wearable antenna in dependence of tuning frequency and an-
tenna input power level is investigated. The results suggest that the hottest
spot on the reconfigurable antenna is located at the lumped components posi-
tions. The investigation also suggests that the antenna input power level might
be a more stringent limitation than the specific absorption rate (SAR) in recon-
tigurable wearable antenna designs. This investigation was presented at the 16th
European Conference on Antennas and Propagation under the tile of “Thermographic

Investigation of Frequency-Reconfigurable Wearable Antennas” [46].

* A dual-band frequency-reconfigurable flexible textile and foam antenna with in-
dependent tunability is proposed. The proposed antenna is able to simultane-
ously operate in two different modes with independent frequency tunability at
2.45 and 5.8 GHz ISM bands. The frequency tuning range at the lower band
and higher band are 41.1% and 29.9%, respectively. The antenna is designed,
fabricated and experimentally characterized in flat and various bending config-
urations to validate its practicability for conformal applications. This antenna
design was published to the IEEE Antennas and Wireless Propagation Letters un-
der the tile of “Dual-Band Reconfigurable Flexible Antenna with Independent
Frequency Tunability” [47].

¢ Two reconfigurable wearable antennas with frequency- and pattern-agility and
frequency- and polarization-reconfigurability are proposed. The two proposed

antenna share similar structure of using three co-planar reconfiguration modules
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to implement the required reconfigurability. The first antenna is able to simulta-
neously work in dual-band where the radiation patterns at the lower band fre-
quency can be switchable between monopole-like and broadside patterns while
the pattern in the higher band remains unchanged. In the lower band, the fre-
quency tuning range at the monopole mode is 27.2% while at the broadside
mode, the frequency tuning range is 57.3%. The second antenna can provide
a wide tuning range of 31.9% with its linear polarization can be switched be-
tween 0°, 120° and 240°. The antenna working principle is analyzed using equiv-
alent circuit models and then prototypes of the antennas have been fabricated
and measured to validate the concept. The antenna designs are in preparation
for submission to the IEEE Transactions on Antennas and Propagation under the tile
of “Multi-Functional Reconfigurable Wearable Textile Antennas using Coplanar

Reconfiguration Modules”.

1.3.3 Passive RFID sensor integration with wearable antennas

The following list provides the details of the original contributions in the third part of

the thesis, dedicated to wearable textile antennas and electronics integration.

¢ Anovel integration solution to completely include relatively large electronic com-
ponents into a resonant cavity of a wearable antenna is proposed. A system-in-
package sensor constructed by a computational battery-less RFID module and a
modular wearable antenna is designed and fabricated using the proposed inte-
gration solution. The antenna and the whole sensor are experimentally character-
ized with excellent performance. This antenna design was initially presented in
the perspective of the system at the 23" International Symposium on Wearable Com-
puters - ISWC "19 under the tile of “Designing Batteryless Wearables for Hospital-
ized Older People” [5]. The specifics of the antenna design were then published
in the IEEE Transactions on Components, Packaging and Manufacturing Technology
under the tile of “Modular Integration of a Passive RFID Sensor with Wearable

Textile Antennas for Patient Monitoring” [48].

* Considering typical health-care monitoring applications where wearable anten-
nas would be usually mounted on an one-size-fit-all hospital gown, the body-
to-antenna gap is identified as having a significant impact on antenna perfor-

mance. Using the complete sensor including RFID module and wearable antenna
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reported in [48], the effect of gaps in-between a human body and a wearable tex-
tile antenna operating at 923 MHz is investigated. It is found that the antenna
gain and communications range are increased with gaps upto a quarter-wave
length distance at 923 MHz. This investigation was presented at the 2021 IEEE
International Symposium on Antennas and Propagation and USNC-URSI Radio Sci-
ence Meeting (APS/URSI) under the tile of “Body-to-Antenna Gap Effect on a UHF

Wearable Textile Antenna Performance” [49].

* A reconfigurable wearable textile antenna aiming to be combined with a com-
putational RFID module to form an advanced sensor package is proposed. The
antenna is initially designed with a single feeding port with the ability to work in
dual-band where the lower band can be tuned (0.86 — 1.59 GHz) while the higher
band frequency remains fixed at 2.45 GHz. In a second realization, the antenna
design is modified to become a dual-port antenna, aiming of using one port (cor-
responding to the reconfigurable band) for RFID application while the other port
(corresponding to the fixed frequency band) is dedicated for other applications
such as Bluetooth or communications to mobile devices. The antenna is opti-
mized to provide good isolation between its two ports and competitive antenna
performance. A manuscript gathering the two design variations is in preparation
for submission to the IEEE Antennas and Wireless Propagation Letters under the tile
of “Dual-Band Dual-Port Reconfigurable Textile Antenna for Wearable UHF Ap-

plications ”.

1.4 Thesis structure

The thesis structure is illustrated in Fig.[I.1|where ten chapters are listed. The first two
chapters and the last chapter are dedicated to introductory chapters and conclusion,
respectively. The original contributions of the thesis are categorized into three main

parts corresponding to seven chapters.

I. Introduction (Chapter 1& 2)

The initial introductory chapter provides a brief summary of the context of re-
configurable wearable antennas and lists the objectives of the thesis. Chapter
presents a literature review on three main topics. The first topic concerns the cur-

rent materials frequently used to design wearable textile antennas. Numerous
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Introduction

/" Chapter | Introduction
Chapter 2 Background

Techniques and Components for Reconfigurable Textile Antennas

Chapter 3 Shorting Strategies for Wearable Textile Antennas

Chapter 4 Reconfiguration Modules for Reconfigurable Wearable Antennas

/\ Multi-Functional Wearable Textile Antennas

Chapter 5 Frequency-Reconfigurable Wearable Textile Antennas
Chapter 6 Dual-band Reconfigurable Flexible Antenna with Independent Frequency Tunability
Chapter 7 Multi-Functional Wearable Textile Antennas

Passive RFID Sensor Integration with Wearable Antennas

Chapter 8 Modular Intergration of an RFID Sensor with Wearable Antennas
Chapter 9 Reconfigurable Wearable Antennas for UHF Applications

Conclusion and Future Work

Chapter 10 Conclusion and Future Work

Figure 1.1. Thesis outline. The thesis consists of 10 chapters divided into 5 primary parts. The
first part includes introduction and literature review while the last part is the thesis conclusion. The
major original contributions are divided into three main parts: i) techniques and components for
reconfigurable textile antennas; ii) multi-functional wearable textile antennas and iii) passive RFID

sensor integration with wearable antennas.

passive flexible body-worn antennas as well as corresponding design techniques
are discussed in the second topic. Lastly, current practical techniques proposed to

design reconfigurable wearable antennas are presented.

II. Shorting strategies and reconfiguration modules for wearable textile antennas
(Chapter 3 & 4)

The second part of the thesis reviews and proposes several generic techniques and
components used to design passive and active wearable textile antennas. Chap-

ter 3| comprehensively reviews four popular shorting methods used in wearable
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I11.

IV.

textile antenna designs. The investigation suggests best practices for selection of
appropriate shorting methods according to different desired application require-
ments. In Chapter |4} a novel reconfiguration module used to form a robust con-
nection between electronics and textile conductors in a coplanar agreement is pro-
posed. Additionally, the utilization of switching components including RF-switch
ICs and PIN diodes in reconfigurable wearable antennas using reconfiguration

module is presented in the second part of the Chapter.

Multi-functional wearable textile antennas (Chapter 5, 6 & 7)

Several reconfigurable wearable textile antennas are presented in this part of the
thesis. Chapter[5|shows a frequency-agile wearable antenna with a very wide tun-
ing range of approximately 70%. The operation principle of the antenna consists
in a continuous transition between a quarter-wave mode and half wave patch
mode. This reconfiguration modality is analyzed through an equivalent circuit.
The practicability of the antenna in conformal applications is suggested by excel-
lent experimental results in various conditions. Also in the chapter, an extended
version of this antenna with dual-band frequency-reconfigurable characteristics
is presented. The dimensions of the one-octave tuning range antenna are re-
optimized to create a dual-band antenna, which can simultaneously cover 2.45
and 5.8 GHz ISM bands with the frequency tuning range in each band being 48.6%
and 18.3%, respectively. Chapter [6|depicts a dual-band frequency-reconfigurable
wearable antennas with independent tunability. Utilizing four co-planar recon-
figuration modules, the flexible antenna exhibits robust performance in various
bending configurations which suggests its practicability in conformal applica-
tions. Chapter [7| presents a multi-functional wearable antenna design, with two
design variations. The first antenna provides frequency- and pattern-agility while
the second antenna exhibits frequency- and polarization-reconfigurability. The
antenna design principle is confirmed using equivalent circuit models before be-

ing validated by experimental results.

Wearable antennas with integrated RFID sensor (Chapter 8 & 9)

Passive and active wearable antennas with integrated computational battery-less
RFID module dedicated to patient-monitoring applications are shown in this part

of the thesis. Chapter [8| proposes a novel method to completely integrate a large
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size battery-less RFID sensor into the resonant cavity of a flexible wearable an-
tenna. Additionally, modularization of the RFID module and wearable antenna
is introduced which allows customizable modular antenna designs for different
application requirements. Furthermore, to cope with the dynamic changes of on-
body operating environment, two designs of dual-band reconfigurable wearable
antennas for UHF applications are introduced in Chapter 9] The dual-band an-
tennas are designed with frequency-reconfigurability in lower band centered at
923 MHz while the resonance frequency at higher band of 2.45 GHz is fixed.

V. Conclusion and future work (Chapter 10)

The last chapter summarizes all the investigations included in this dissertation

and provides suggestions of future works.
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HIS chapter presents a literature review of wearable flexible an-
tennas in terms of their desired characteristics and the correspond-
ing design strategies, including material selection and antenna
topology development. The most widely used materials including conduc-
tive and non-conductive types for body-worn flexible antennas are first re-
viewed. After that, various passive flexible textile antennas and the cor-
responding design techniques are presented. At the end, several domi-
nant strategies used to design practical reconfigurable wearable antennas

are discussed.
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2.1 Introduction

Antennas were invented in the XVIII century and are key components of wireless com-
munications systems. As a converter between guided electromagnetic (EM) waves in-
side the system and radiated EM waves in free space, a vast variety of antennas have
been developed during the last century, from simple designs such as linear wire an-
tennas and log-periodic antennas to more advanced ones including aperture antennas,
reflector antennas, microstrip antennas, traveling antennas and reconfigurable /smart
antennas. To meet the requirements of diverse modern wireless communications ap-
plications such as in aircraft, satellite, Internet of things (IoT), and Wireless Body-
Area Networks (WBANSs), specialized antennas with dedicated characteristics are re-
quired. Because of the great potential to have numerous applications in our daily lives,
WBANSs have become one of the most dominant applications in which human-body
worn computing sensors and devices are wirelessly connected together. As a result,
wearable antennas, as vital parts for this type of wireless communications systems

have attracted significant research and engineering attention recently.

Considering the users” wearing experiences as well as the influences on the antenna
performance due to the wearers’ body, the body-worn antennas for wearable applica-
tions are usually challenging to design. Firstly, the wearable antennas are supposed to
be operating in a dynamically changing environment where mechanical deformation
of the antennas including bending and crumpling are very likely to happen, especially
in moving conditions. Therefore, the body-worn antennas are expected to be flexible,
lightweight and able to cope with these dynamic changes. Secondly, the isolation be-
tween the wearable antennas and the human body needs to be maintained to keep ac-
ceptable antenna performance with the wearers in vicinity. This is because the human
body, as a lossy medium, can interact with the body-worn antennas and consequently

change the antenna performance.

To overcome these challenges, a wide variety of passive wearable antennas based on
flexible and lightweight materials have been developed. Popular conductor materi-
als include conductive fabrics [50-52], conductive polymer [11}53,54] and conduc-
tive threads [35, 55], whereas predominant dielectric materials include PF-4 foams
[37,56,57], polydimethylsiloxane (PDMS) [58,59] and commercial felts as substrates
[12,60]. Most of these wearable antennas were designed with a full ground plane
structure which provides a good isolation between the antenna and the human body.

Furthermore, in order to cope with the increasing complexity and functionality of
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body-centric wireless communications systems while retaining the antenna compact-
ness, multi-functional wearable flexible antennas are the essential solutions. To this
end, various wearable textile antennas were designed to be multi-band [61], ultra-wide

band [10] or electrically reconfigurable [28}29].

In this chapter, a general review on the-state-of-the-art wearable antenna designs in
terms of their materials, topologies and practicalities will be given, to reflect the re-
search gaps that this thesis is addressing. Firstly, several popular conductive and di-
electric materials widely used to realize body-worn flexible antennas will be reviewed.
Secondly, typical passive wearable flexible antennas and their corresponding design
strategies will be examined in detail. The last section of this chapter will present dom-
inant approaches and strategies used to realize practical reconfigurable flexible textile

antennas reported in the literature.

© 2017 IEEE

Figure 2.1. Wearable textile antenna. Example of wearable textile antenna mounted on a beret.

This image was adopted from [62].

2.2 \Wearable antenna materials

Nowadays, body-centric communications are mainly used in health-care monitoring,
personal communications and securities applications [63], where the systems are worn
by the human subjects. Consequently, considering the wearing experience of the user,
flexible, light-weight and robust antennas are highly desirable. Therefore, appropriate
antenna materials are essential to fulfill these specialized requirements. For instance,
Fig.[2.1|illustrates a very practical wearable textile antenna mounted on a military beret
for indoor/outdoor navigating system [62]. In comparison with rigid antennas used
in convenient communications systems, this conductive-textile-based body-worn an-

tenna can offer unobtrusive wearing experience while maintaining mechanical and
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2.2.1 Conductive materials

electrical robustness. These distinct merits were obtained through the utilization of ap-
propriate antenna materials and design strategies, which are the critical differences be-
tween wearable flexible antennas and conventional rigid-material-based counterparts.
For this reason, the most widely utilized conductive and non-conductive materials for
wearable flexible antenna designs will be first reviewed and compared in terms of their

mechanical and electrical properties.

2.2.1 Conductive materials

Copper tape

Copper tape has been used as popular conductive material for wearable antenna de-
signs [64,65]. Copper tape is usually flexible, light weight and easy to be used for
antenna fabrication. It also allows high antenna radiation efficiency due to its low sur-
face resistivity (less than 0.05 (2/square). It also permits direct soldering of lumped
electronic components which can simplify the fabrication process of reconfigurable
or active antennas. Two typical wearable antennas fabricated using copper tape are
shown in Fig. the first antenna being a PIFA antenna and the second one being a
folded dipole antenna designed for on-body and off-body communications links, re-
spectively. However, copper tape exhibits some mechanical weaknesses while being
used in body-worn contexts. Firstly, its mechanical resilience is low, therefore it is irre-
versibly deformed after being bent and /or crumpled, which may lead to changes in the
antenna performance. A crumpled copper tape surface can be observed in both anten-
nas displayed in Fig. Secondly, copper tape is not bio-compatible and breathable

which can significantly limit its practicability.

(© 2012 IEEE (©) 2013 IEEE
(a) (b)

Figure 2.2. Wearable antennas using copper tape. (a) PIFA and (b) folded dipole antennas
fabricated using copper tape with the images were adopted from [64] and [65], respectively.
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Conductive ink

Wearable antennas based on conductive ink have also been widely used, as reported
in the literature [66-68|]. In this method, conductive ink is loaded into a commercial
ink-jet printer and is then printed directly onto flexible substrates. With the advances
in this printing technology, the fabrication processes can be easily scaled for mass pro-
duction with continuously improving printing accuracy and speed. For example, a
wearable antenna printed on paper substrate which consists of a monopole antenna
and a miniaturized artificial magnetic conductors are shown in Fig. It can be ob-
served that, the artificial magnetic conductors were fabricated with complicated con-
ductor patterns at very high printing resolution of 150 ym, demonstrating excellent
printing quality. Nevertheless, the majority of ink-jet printed conductive layer does
not provide very high conduction/radiation efficiency due to the relatively low elec-
trical conductivity of the available inks. Furthermore, the thickness of ink-jet printed
layer is usually much smaller than a skin depth, resulting in a relatively high sheet
resistance. This current issue may be solved with the development of 3D printing and
material technologies which could permit a thicker printing layer with more conduc-

tive links on flexible substrates.

() @ 2016 IEEE (b)

Figure 2.3. Wearable antennas using conductive ink. (a) A monopole antenna and (b) a
miniaturized artificial magnetic conductors fabricated using conductive ink. These images were

adopted from [68].

Page 17



2.2.1 Conductive materials

Non-metallic conductors

With the advantages of increasingly enhanced electrical conductivity and exceptional
mechanical flexibility, conductive polymers have been considered as another possible
choice to design wearable antennas [11,53,54,/69,70]. A typical example of highly flex-
ible ultra-wide band (UWB) antenna using conductive polymer [11] is illustrated in
Fig. It was demonstrated that, the antenna can be bent to 180° upward and down-
ward without any mechanical damage. The antenna was tested to be able to maintain
good performance in a conformal test while being bent not greater than 90° [11] angle.
Nevertheless, utilization of conductive polymers as antenna conductors is also suffer-
ing relatively low antenna efficiency when applying to resonant antennas due to the
higher RF current density developed during the resonance process, when compared to
non-resonant antennas. It is worth mentioning that, the antenna efficiency can be high

for non-resonant antennas through deploying various design techniques [54].

©) 2015 IEEE

Figure 2.4. Wearable antenna using conductive polymer. A highly flexible ultra-wide band

antenna fabricated using conductive polymer as adopted from [11].

Graphene has been also well-known as a promising candidate to design wearable an-
tenna conductor due to high thermal and electrical conductivites [71,72]. A ultra-
wide band flexible antenna with high efficiency fabricated using graphene is shown in
Fig.[2.5/(a). After being treated through several fabrication steps of filtering and ther-
mal treatment at 900°C for 1 hour under protective environment, the final graphene
film with very high electric conductivity of 3.3 x 10* S/m and a thickness of approxi-
mately 100 ym [73]] has been produced. This value of material thickness is higher than a
skin depth, even at lower frequency (é; = 50.6 ym at 3 GHz). Therefore, this graphene
conductive material can be used to design microwave antennas with high efficiency
of approximately 80 % [72] (see Fig. (b)). The limitation of using graphene is the

complicated fabrication processes which usually require significant amount of time.
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Figure 2.5. Wearable antenna using graphene. A high-efficiency microwave graphene antenna

as adopted from [72]. (a) The fabricated antenna and (b) measured conduction efficiency of the

antenna.

Conductive textile

So far, conductive textile is one of the most widely used conductors for wearable flexi-
ble antennas due to its advantages of high mechanical flexibility, low sheet resistance,
substantial thickness of more than 100 ym and bio-compatibility [12}35}/56}[74]. Con-
ductive textiles are metallized fabrics which generally consist of 3 layers of materials
including a nylon fabric in the middle sandwiched by two layers of a copper or nickel
over silver. With these coated metal layers, the fabric exhibit very high electrical con-
ductivity, leading to a sheet resistance being as small as 0.01 (}/square. As a result,
wearable antennas based on conductive fabrics usually exhibit very high radiation ef-
ficiency of more than 90% [35]. Conductive fabrics are ready-to-use materials which
come with a very big size sheet which can be accurately cut to required patterns using
a laser milling machine. Several typical examples of wearable antennas using conduc-
tive fabric reported in the literature are displayed in Fig. Two UWB wearable textile
antennas using conductive textile reported in and are shown in Fig.[2.6/(a) and
Fig. 2.6| (b), respectively. They both possessed radiation efficiency of more than 90%.
It can be observed that, the radiation patch patterns are complicated and affixed well
on the rough surface of a felt substrate. Conductive textiles also demonstrate robust
mechanical stability which can be used as interchangeable patches for modular anten-
nas [37], as shown in Fig. (c). A common drawback of conductive fabrics is the
limitation of minimum cuttable geometry. It is empirically found that silver fabrics

may be trimmed down to a minimum dimension of approximately 2 mm to maintain
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its mechanical robustness. Unlike copper tapes, it is very challenging to electrically
connect lumped electronic components to conductive textiles in a robust manner. This

disadvantage is one of the biggest barriers to design reconfigurable textile antennas.

© 2014 IEEE © 2016 IEEE © 2016 IEEE

(@) (b) (©)

Figure 2.6. Wearable antennas using conductive textile. Examples of wearable textile antennas
fabricated using conductive textile. (a) A UWB antenna with full ground plane, (b) a planar monopole
UWB antenna and (c) a modular antenna with different radiation modules as reproduced from [10],

[12] and [37], respectively.

Summary on conductive materials for wearable antennas

In general, it can be concluded that, conductive textiles can be considered as one of
the the most appropriate conductive materials for wearable antenna designs, due to
its high electrical conductivity and exceptional mechanical resilience. With rapid de-
velopment of printing and material technologies, the other conductive materials such
as conductive polymers and graphene will also offer increasingly improving electrical

and mechanical characteristics for body-worn devices.

2.2.2 Non-conductive materials

Most antennas require dielectric substrate materials to hold the conductors and thus
form the geometry. These dielectric materials are very important as they can influence
the antenna performance such as efficiency, size and bandwidth. It is even more im-
portant for wearable antennas, as the antenna substrates have significant effects on the

flexibility and weight characteristics of the wearable antennas. Therefore, the choice of
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wearable antenna substrate materials is crucial to achieve the expected antenna perfor-
mance while keeping the required mechanical properties. In term of mechanical char-
acteristics, suitable body-worn antenna substrates are expected to be highly flexible,
light weight and easy for antenna fabrication. To obtain satisfactory antenna efficiency,

the substrates are also required to be low lost.

Felts

Felts have been used as substrate materials in wearable textile antenna designs for
more than a decade [1,/10,75-79]. Since felts are generally highly flexible, easy-to-find,
easy-to-fabricate and affordable, they are the most popular wearable antenna substrate
materials. Some of reported wearable textile antennas constructed on felt substrate
including a substrate integrated waveguide (SIW) cavity-backed circular ring-slot tex-
tile antenna, a copper foil tape wearable antenna and a wideband wearable all-textile
PIFA are illustrated in Fig. 2.7 (a), (b) and (c), respectively. Although these antennas
all feature excellent mechanical flexibility, felts have some drawbacks that can limit its
applications in practical body-worn scenarios. Firstly, felts usually have a relatively
high loss tangent (tand) ranging from 0.02 to 0.04, which consequently leads to a mod-
est antenna efficiency in a range between 30% and 70%. Regarding the corresponding
antenna fabrication processes, since felts usually come with a rough surface, it is dif-
ficult to maintain a robust connection to the conductive parts. However, felts are very
practical for applications where one-time-use or disposable antennas are needed, since

they provide a balanced trade-off between antenna performance and the cost.

2016 IEEE
© © 2019 IEEE

(©) 2016 IEEE

(a) (b) (©
Figure 2.7. Wearable antennas using felt substrate. Examples of wearable textile antennas
fabricated using felt substrate. (a) A substrate integrated waveguide (SIW) cavity-backed circular
ring-slot textile antenna, (b) a copper foil tape wearable antenna and (c) a wide-bandwidth wearable

all-textile PIFA as reproduced from [76], [77] and [78], respectively.
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Polydimethylsiloxane (PDMS)

Another popular substrate material that has been widely used for body-worn anten-
nas is polydimethylsiloxane (PDMS) [13,|61}80-82]. The advantageous characteristics
of PDMS include high mechanical flexibility, modest dielectric constant (e, = 2.7) and
versatile geometry plasticity. On top of that, two noticeable features of PDMS namely
water resistance and transparency make PDMS a practical solution to realize protec-
tive layers for body-worn antennas [13]. However, like felts, PDMS is not a very low-
loss material with a similar loss tangent around 0.02—0.04 [61,81] which will have an
impact undermining the antenna radiation efficiency. Furthermore, its fabrication pro-
cess usually requires several steps as shown in Fig[2.8) which is more complicated and
time-consuming than other ready-to-use substrate materials. As mentioned in [81],
the process of making a single layer of PDMS substrate for a textile microstrip line in-
volved five steps. It began with preparing composites by mixing different ingredients
with correct ratios. The mixture was then carefully poured into a dedicated mold to
be cured, forming the desired geometry. When the mixture was partially cured, con-
ductive layers were very carefully adhered on that before being fully cured. Although
the curing processes can be accelerated with a higher temperature, it would still take a
large amount of time. In summary, although the fabrication process of PDMS-based
antennas usually requires a multi-step procedure, a dedicated mold, and a signifi-
cant amount of time, PDMS still has been used broadly in body-worn antenna designs
due to its unique advantages such as high mechanical flexibility, bio-compatibility and

plasticity.

©) 2012 IEEE

Figure 2.8. PDMS-based microstrip line fabrication process. Fabrication process of single layer

PDMS with RF microstrip line made from E-fiber. The image was adopted from [81].
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Foam

Foam can be considered as one type of the most conventional dielectric materials for
flexible body-worn antenna designs, since it was first utilized almost two decades
ago [83]. Recently, a specialized foam dedicated for microwave application named
Cuming Microwave C-Foam PF-4 (PF-4 foam) has been used for realizing wearable
antennas [35-37,56,57], thanks to its exceptional advantages including high flexibil-
ity, high mechanical resilience, low loss and light weight. Two examples of wear-
able textile antennas realized on PF-4 foam substrate including a wearable textile half-
mode substrate-integrated cavity antenna and a polarization/frequency interchange-
able patch modular wearable textile antenna are illustrated in Fig. (a) and (b), re-

spectively.

©) 2017 IEEE
(b)

Figure 2.9. Wearable antennas using PF-4 foam substrate. (a) A wearable textile half-mode

© 2013 IEEE

substrate-integrated cavity antenna and (b) a polarization/frequency interchangeable patch modular

wearable textile antenna using PF-4 foam substrate, as adopted from [35] and [84], respectively.

In comparison with felt and PDMS, PF-4 foam has several unique strengths in both me-
chanical and RF features. In term of physical characteristics, the foam is highly flexible
with excellent mechanical resilience which is highly desirable for conformal applica-
tions. It is also very light, breathable and bio-compatible, which allows the antennas to
be very comfort to wear. From the fabrication process perspective, PF-4 foam is ready-
to-use and can be easily cut into the required shape and dimension. Owing to its very
smooth surface, it is convenient to attach conductive materials onto these foams us-
ing fabric glue [35]. In term of RF characteristics, PF-4 foam has very low lost with a
loss tangent tané = 0.0001 which can permit a very high antenna radiation efficiency of
more than 95%, as reported in [35]. However, a possible limitation of PF-4 foam comes

from its low relative permittivity (¢, = 1.06) which makes the antennas size larger than
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the counterparts made using higher permittivity materials. Additionally, PF-4 foam is

an expensive material which limits its applicability in cost-focused applications.

Summary on dielectric materials for wearable antennas

In this part, several widely used non-conductive materials for wearable flexible an-
tenna designs have been discussed. Considering the pros and cons of these substrate
materials, PF-4 foam can be the best choice to design wearable textile antennas when
high radiation performance is required, provided the antenna cost is not the main con-
cern. By contrast, felt is more suitable for one-time-use applications due to its accept-
able electrical performance and affordable price. PDMS shows the strengths of me-
chanical flexibility and plasticity which provides excellent design versatility for wear-

able textile antennas.

2.3 Passive flexible wearable antennas

In this section, typical state-of-the-art passive flexible wearable antennas as well as
their corresponding design techniques will be discussed. The considered body-worn
antennas will be categorized into four main groups regarding their significant features
including basic passive, multi-band, ultra-wide band and modular antennas. All the
considered wearable antennas are designed with flexible characteristics which allow

the antennas to conform to the shape of wearers, especially in moving conditions.

2.3.1 Basic passive textile antennas

This section describes some representative examples of basic passive textile antennas

selected from the literature.

Flexible textile PIFA antenna

A flexible textile E-shaped shorted PIFA design [83|] can be considered as one of the first
wearable flexible antenna reported in the literature. The antenna was designed to oper-
ate in a frequency range of 360 — 460 MHz. As illustrated in Fig. (a), the proposed
antenna is constructed on a low loss (tané = 0.004) and flexible foam substrate, a thin
copper layer patch and a conductive non-woven fabric ground plane. To overcome a
challenge of narrow bandwidth of low-profile microstrip patch antennas [85], the E-

shaped radiation patch is employed to support multiple resonances. Three arms of the
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antenna E-shape patch are shorted to ground plane to further increase the bandwidth.
The simulated antenna reflection coefficient under bending condition is depicted in
Fig. (b) which predicts the possibility of antenna utilization in conformal appli-
cations. The reflection coefficient parameters of the flat antenna was measured in free
space and on human body (as displayed in Fig. (c)), in which a slight frequency
shift is observed. This antenna design demonstrated that the PIFA structure in combi-

nation with slots is an effective approach for antenna miniaturization and bandwidth

enhancement.
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Figure 2.10. A flexible wearable E-shaped shorted PIFA antenna. A flexible wearable E-shaped
shorted PIFA antenna. (a) Simulated antenna under bending condition, (b) simulated reflection
coefficients of the antenna under bending and (c) measured reflection coefficients of the antenna in

free space and on-body conditions. The images were adopted from .

UHF wearable textile cavity antenna

In [36], the authors utilized a multilayer cavity structure with a slot-monopole and
embroidered walls to realize a UHF wearable textile antenna operating at 923 MHz.

Conductive yarn as an effective technique in wearable textile antenna manufactur-

ing [35}/81},/86,/87], was used to realize cavity walls. The proposed antenna structure
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is shown in Fig. (a) where two layers of substrate and three layers of conduc-
tive textiles are illustrated. A full ground plane was used in the design to maximize a
human-to-antenna isolation. A slot-monopole radiation patch was placed on top of the
antenna while a feeding layer was accommodated in the middle of two substrates. A
H-shape slot and cavity walls dimensions were optimized to miniaturize antenna size,
increasing a bandwidth and to pull the operating frequency to 923 MHz as targeted.
The cavity walls were realized using computerized embroidery technology to enhance
the antenna robustness. In the design, substrate compression caused by embroidered
structure was taken into account to accurately simulate the proposed antenna struc-
ture. The proposed antenna exhibited good antenna performance with a fractional
bandwidth of 3% centered at 923 MHz and a radiation efficiency of 78%. The antenna
resonance frequency shift under various setups of bending test is also appreciable as
illustrated in Fig. (b). In this wearable antenna design, the utilization of conduc-
tive yarn in realization of cavity wall and improving antenna antenna robustness was

demonstrated.
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Figure 2.11. Multilayer cavity slot wearable textile antenna. A textile multilayer cavity slot
monopole antenna under bending test. (a) Antenna structure and (b) measured reflection coefficients

of the proposed antenna under flat and bending conditions. These images were reproduced from .

Flexible textile dipole antenna using snap-on buttons

An textile elliptical dipole antenna with wideband performance designed for RFID-
based fall detection system was presented in [88]. Especially, pairs of metallic snap-on
buttons were utilized to realize the connections between the antenna and the electron-

ics. The two dipole elements were made of conductive textiles with elliptical shape
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to enhance a bandwidth. A highly flexible, low loss and light-weight PF-4 foam was
used for the antenna substrate to further maximize the antenna efficiency. Two pairs of
snap-on buttons were used to connect the proposed body-worn antenna with a RFID
module to form a completed sensor. The RFID module with male snap-on buttons,
the proposed antenna with sewed female snap-on fasteners, a 50-to-70() impedance
balun and the fabricated antenna connected to RFID module worn by human body are
shown in Fig. (a). The proposed antenna exhibited a wide impedance bandwidth
from 783 — 1042 MHz, as shown in Fig. (b). It was also found that, the variation
of the gap in-between the male and female snap-on buttons only has a minor effect on
the antenna resonance frequency as illustrated in Fig. (c). The proposed antenna
design suggests a promising approach to integrate the RFID module to the wearable
flexible antenna by utilizing the metallic snap-on buttons. However, one drawback of
this design is the electronic components are placed on the immediate periphery of the

body-worn antenna which leads to a less compact system with no protections for the

electronic module. The novel integration method to overcome this weakness will be
demonstrated later in Chapter
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Figure 2.12. Flexible textile dipole antenna for RFID applications. (a) RFID module, the
proposed antenna with sewed female buttons, a 50-to-70 () impedance balun, the antenna connected
to a computational RFID module on human body, (b) simulated and measured reflection coefficient
of the antenna and (c) simulated reflection coefficient according to different gap in-between male

and female snap-on buttons. The images were adapted from .
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2.3.2 Multi-band wearable textile antennas

Realizing multi-band modality is a traditional method used in antenna design to ex-
tend its functionalities. In body-centric wireless communications, multi-band wearable
textile antennas are highly desirable to cope with the increasing system complexity and
functionality while retaining the antenna compactness. In this part, several multi-band

body-worn antennas realized using textile materials will be discussed.

Compact dual-band textile HMSIW antenna

A compact wearable textile antenna based on a half-wave substrate integrated waveg-
uide (HMSIW) operating simultaneously in the 2.4 and 5.8 GHz ISM bands was pro-
posed in [7]. The proposed antenna was realized on a flexible closed-cell expanded
rubber protective foam substrate with low loss tangent (tané = 0.016). The antenna con-
ductors were made from a copper plated polyester taffeta fabric which has a thickness
of 80 ym and a surface resistance of 0.18 ()/square. The antenna size was miniatur-
ized using a half-diamond HMSIW structure constructed by a number of brass eyelets,
the fabricated prototype is shown in Fig. (a). The resonance frequency at lower
band was excited in a fundamental mode of HMSIW structure while the higher order
mode was realized by adding a narrow short slot on the antenna radiation patch. The
proposed antenna demonstrated good antenna performance in free space and on the
human body with the |S11| results shown in Fig. (b) and (c). The antenna was also
tested under various bending scenarios which indicate a robust wearable antenna for

conformal applications with a negligible frequency shift.

Dual-band textile antenna on EBG substrate

A dual-band wearable textile antenna incorporating an electromagnetic band-gap (EBG)
surface was reported in [6] demonstrating another method to realize dual-band char-
acteristics as well as a strategy to enhance isolation between wearable antennas and the
wearer’s body. The proposed antenna consists of a coplanar waveguide (CPW) feed-
ing section, an inner radiating element with rectangular ring elements and a ground
plane. The CPW was used to enhance antenna bandwidth to be much wider than a
traditional microstrip antenna at a cost of strong back radiation. Therefore, a 3 x 3 cell
array dual-band EBG structure was introduced to reduce the backward radiation to-
ward human body. The antenna and the EBG array substrates were made of a 2.2 mm

flexible felt substrate. A high conductivity “Zelt” material with a thickness of 0.06 mm,
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Figure 2.13. Compact half diamond dual-band textile HMSIW antenna. A compact half
diamond dual-band textile HMSIW antenna with shorting eyelets, (a) Fabricated prototype, (b)
Simulated and measured |S11| of the antenna in free space and (c) measured |S11| of the antenna

in free space and on body. The images were reproduced from .

surface resistance less than 0.01 )/square was dedicated for antenna conductors. The
fabricated antenna with EBG cell array is shown in Fig. (a). Although the EBG re-
duce the antenna bandwidth at both resonance bands (see Fig. (b)), the final design
bandwidths were still appreciable considering the excellent body-to-antenna isolation
achieved. A significant reduction of backward radiation was proven in the study by
the comparison of radiation patterns in cases of with and without EBG structure. The
antenna also exhibited stable performance while placing on human body (arm and leg)

and under bending conditions.

Dual-band dual-mode wearable textile antenna

Another dual-band wearable textile antenna targeting off- and on-body communica-
tions at the 2.45 and 5.8 GHz ISM bands was reported in [61]. The proposed antenna
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© 2009 IEEE

(a) (b)

Figure 2.14. Dual-band wearable textile antenna on an EBG substrate. A dual-band wearable
textile antenna on an EBG substrate. (a) Fabricated antenna and (b) simulated and measured |S11]|

of the antenna. The images were adopted from [6].

consists of a full ground plane and a circular patch made of conductive textile which
are placed on two sides of a PDMS substrate. The targeted radiation modes are TM7;
and T MG, corresponded to resonance frequency of 2.45 and 5.8 GHz, respectively. Two
arc-shaped slots and a shorting pin were utilized to tune the antenna resonances of the
two targeted modes, as shown in Fig. (a). Specifically, the slot width was used
to tune the lower band resonance frequency while the variation of slot length signifi-
cantly affected the frequency at higher band. By changing the shorting position with
respect to the center of the patch, the frequency at lower band was noticeably affected
while the resonance frequency at 5.8 GHz only slightly shifted. The fabricated proto-
type is shown in Fig. (b). The antenna exhibited good performance under various
experimental characterizations including on-phantom and bending tests as illustrated
in Fig. (c) and (d), respectively. However, due to the utilization of high loss PDMS

material, the antenna efficiency is limited to around 50% in both radiation bands.

2.3.3 UWB wearable textile antennas

Ultra-wide band (UWB) communications possess distinct advantages such as high
data rate capacity and low power spectrum density compared to narrowband commu-
nications. As a result, UWB wearable antennas are in high demand for body-centric

applications. With an ultra-wide bandwidth, these antennas may be able maintain
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Figure 2.15. Dual-band dual-mode wearable textile antenna on PDMS. A dual-band dual-
mode wearable antenna on PDMS substrate. (a) Antenna structure, (b) fabricated prototype, (c)
simulated, free-space and on-phantom measured reflection coefficient and (d) measured reflection

coefficient under flat and bending conditions in x- and y-axis. The images were adopted from [61].

their impedance matching when encounter detuning in dynamically changing oper-
ation conditions. One of conventional feeding methods for UWB antennas is using
CPW structure [11,[89]. However, since CPW structures usually sensitive to the sur-
roundings, it is not suitable for body-worn applications. To enhance body-to-antenna
isolation, it is necessary to implement a full ground plane on UWB wearable antennas.
In this part, several UWB wearable antennas realized on full ground plane structure

will be discussed.

It is well known that, one inherent drawback of microstrip antenna realized on full
ground plane is the narrow bandwidth. To overcome this limitation to achieve ultra-
wide bandwidth, multiple resonators and slots were utilized in [10,13]. Both consid-
ered antennas had a similar bandwidth ranging approximately from 3.5 to 10 GHz. As
shown in Fig. (a), the antenna reported in [10] employed three patches namely A,
B and C and the surrounding radiator to combine multiple resonance frequencies to
form an ultra-wide bandwidth. The patches A, B, C, the surrounding patch shapes,
and the gap in-between them were optimized to further enhance the final bandwidth
ranging from 3.4 to 10.2 GHz as shown in Fig. (b). Using similar techniques of

employing multiple resonators, the antenna reported in [13] was also able to exhibit
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Figure 2.16. UWB wearable textile antenna with full ground plane. A UWB wearable textile
antenna with full ground plane. (a) Antenna prototype and (b) simulated, measured reflection

coefficient. The images were adapted from [10].

© 2018 IEEE (b)
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Figure 2.17. UWB wearable textile antenna on PDMS. A UWB wearable textile antenna on
PDMS substrate. (a) Antenna prototype in flat and bending conditions, (b) simulated, measured
VSWR of the flat antenna in free space and on-phantom and (c) measured VSWR of the antenna
under flat and bending conditions in x- and y-axis. The images were adopted from .
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similar bandwidth. As illustrated in Fig. (a), two arc-shaped patches fed by a
small transmission line were used in the design. Furthermore, two T-shaped slots were
deployed to enhance the matching at the lower resonance frequencies. By utilizing a
PDMS substrate which has a higher permittivity than felt substrate (¢, = 2.7 for PDMS
and ¢, = 1.45 for felt), the antenna reported in [13] is noticeably smaller than the one
presented in [10], while exhibiting similar bandwidth (from 3.7 to 10.3 GHz as shown
in Fig. (b)). Both antennas showed robust performance while being tested under

various practical conditions including on-body and bending tests.

2.3.4 Modular textile antenna

Besides multi-band and ultra-wide band modalities, passive wearable textile anten-
nas can be also designed with modularity to effectively enhance the functionalities.
In [37], a wearable textile antenna concept designed with detachable radiation patches
for different application requirements was proposed. The proposed antenna was con-
structed on two layers of flexible, light weight and low loss PF-4 foam substrate. Some
of the antenna components including a ground plane, a microstrip feed line and mod-
ular radiation patches were made from flexible and highly conductivity silver-coated
nylon fabric with a thickness of 100 ym and a dc sheet resistance of 0.01 ()/square.
By utilizing metalized snap-on buttons as mechanical and RF connections, the inter-
changeability of radiation patches to exchange the antenna radiation characteristics

was enabled.

In the proposed design concept, the antenna was constructed with a common antenna
feed base and exchangeable radiation elements. Four male snap-on buttons were em-
bedded in the common feed base to hold the modular radiation components by engag-
ing with four female counterparts. Using the interchangeability of the snap-on fasten-
ers, pre-designed radiation patches can be swapped according to required radiation
characteristics. Several variations of radiation patches were developed in the study
to demonstrate the design concept. A circularly polarized patch module allowed the
antenna to radiate in either left-hand or right-hand circular polarization at 5 GHz, as
illustrated in Fig. (a). As shown in Fig. (b), a linear-polarization patch mod-
ule was used to realize a PIFA mode and patch mode operating at 2.45 and 5.3 GHz,
respectively. A linearly polarized patch module with rectangular slots was used to ad-
just the resonance frequency of the half-wave patch radiation mode. The slot length

was changed to realize different resonance frequencies, as displayed in Fig. (c). In
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Fig. (d), an X-band patch module was utilized to realize a resonance frequency at
8 GHz.
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Figure 2.18. Modular wearable textile antenna using snap-on buttons. A modular wearable
textile antenna using snap-on buttons. Simulated and measured reflection coefficient of the pro-
posed antenna while using (a) a circularly polarized patch module, (b) a linear-polarization patch
module, (c) slot patch modules and (d) an 8-GHz patch module. Inset: fabricated prototype with
corresponding patch modules. The images were adopted from .

2.3.5 Summary on passive flexible wearable antennas

In this section, typical passive flexible wearable antennas and their design techniques
have been reviewed. It is found that, to miniaturize antenna size, common tech-
niques such as introducing slots and deploying quarter-wave structure (e.g., PIFA)
were adopted. To increase bandwidth or achieve multiple bands, textile-based compo-
nents such as eyelets and conductive threads were employed to realize various cavities
(e.g., HMSIW) to bring more resonances. With the ability of providing excellent me-
chanical and RF connections, metallic snap-on buttons were found to be appropriate
candidates to provide interchangeability to wearable antenna parts including flexible

substrate or conductive parts.
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2.4 Reconfigurable wearable textile antennas

Reconfigurable antennas have attracted research and industry interests for almost a
century, starting with a concept of beam steering applied for huge antenna systems
[90-92]. In these antenna systems, the reconfigurability in antenna radiation charac-
teristics was achieved by using either mechanically movable parts or reconfigurable
arrays. In recent decades, thanks to the extensive development of RF electronics, a
wide variety of active lumped components such as RF-switch Integrated Circuit (IC),
PIN diodes or varactor diodes have been developed and become commercially avail-
able. By incorporating these active components into reconfigurable antenna designs,
one can develop electronically tunable antennas. By adjusting the control voltages to
the active components, the antenna radiation characteristics can be reconfigured ac-

cordingly, which is related to the internal parameter change in the active components.

In the literature, numerous reconfigurable antennas have been proposed. These an-
tennas are able to reconfigure their operation frequency [93-96]], radiation polariza-
tion [21}22,97], radiation pattern [98-100] or combination of these agilities [25}26}101-
103]. Examples of frequency-reconfigurable antenna using varactors, polarization-
reconfigurable antenna using PIN diodes and pattern-reconfigurable antenna using
PIN diodes are shown in Fig. (a), (b) and (c), respectively. The connection process
of lumped components on rigid PCB materials such as Roger/RT 5880, Rogers RO4003

and FR4 is easy and convenient by using soldering technique.

© 2015 IEEE © 2012 IEEE © 2012 IEEE

(a) (b) ()

Figure 2.19. Reconfigurable rigid antennas reported in the literature. Examples of reconfig-
urable rigid antennas reported in the literature (a) frequency-reconfigurable antenna using varactors,
adopted from [95], (b) polarization-reconfigurable antenna using PIN diodes, adopted from [97] and
(c) pattern-reconfigurable antenna using PIN diodes, adopted from [98].
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Since practical wearable antennas are generally constructed on flexible materials such
as PF-4 foam, felt and conductive textiles which do not allow direct soldering on their
surfaces, the implementation of active components for body-worn antennas is a chal-
lenging task. Because of this reason, there exist very limited number of reconfigurable
wearable antennas proposed in the literature. To overcome this challenge, various an-

tenna solutions have been proposed and will be discussed in this part.

2.4.1 Conceptual reconfigurable wearable antennas

As mentioned, the challenge in implementation of active components on flexible ma-
terials limits the ability of realizing electrically reconfigurable wearable antennas. Due
to this challenge, at the beginning, several designs aiming to realize pattern reconfig-
urable wearable antennas using artificial switches (i.e., not real switches) were pro-
posed [60,104]. These two fabricated conceptual wearable reconfigurable antennas
are shown in Fig. In [60], the wearable textile antenna would be able to switch
between three beam directions at 6 = 0°, 30° and 331° in the yz-plane, if a practical
switch could be used. The beam direction switchability was demonstrated by fabricat-
ing three antenna prototypes with different connections between a proximity-coupled
feed and two sides of antenna patch. The three radiation states (SO, S1 and S2) cor-
responded to the cases of no connection between the feed and the antenna patch, the
feed is connected to the left side of the patch, and the feed is connected to the right side
of the patch, as illustrated in Fig. (a). Another conceptual reconfigurable wearable
antenna was reported in [104]. It could theoretically switch between broadside and
omnidirectional radiation patterns, if realistic RF switches could be implemented in
the antenna. The antenna includes a full resonance patch, a full ground plane and six
shorting vias realized on a flexible felt substrate as shown in Fig. (b). By connect-
ing and disconnecting the resonance patch to the six shorting vias, the patch antenna
would be able to resonate at a zeroth-order mode (connections ON) or a conventional
patch mode (connections OFF). Similar to the first antenna, in order to validate the
reconfiguration principle of this antenna, several fabricated antennas corresponding
to different switching states were fabricated and measured. Therefore, although the
reconfigurable textile antennas discussed above would be conceptually working, their

reconfigurabilities could not practically demonstrated.
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Figure 2.20. Conceptual reconfigurable textile antennas. Examples of conceptual pattern-
reconfigurable textile antennas using artificial switches. The images were adopted from (a) [60] and

(b) [104].
2.4.2 Reconfigurable flexible antennas using PDMS

An effective method to maintain the robust connection between rigid electronics and
flexible antenna conductors is using PDMS as an encapsulating layer [29,30]. Double
layers of PDMS were utilized to securely immobilize two varactors and an antenna
radiation patch and thus make their connection robust. The fabrication process con-
sisted of several steps as illustrated in Fig. Three molds with specified thickness
were used to accurately shape the antenna substrate layers. After being poured into
the mold, each antenna layer needed to be cured in the oven at an exact temperature
within a fixed time. An excellent connection between lumped components and an-
tenna parts was validated through various practical experiments including bending
and washing. Although the electronic-to-textile connection challenge was solved by
using PDMS, this method still has several drawbacks including low antenna efficiency
(of approximately 50%), complicated fabrication process and a relatively heavy and
bulky structure. Furthermore, since the radiation patch and active components are
permanently integrated inside the PDMS substrate, the reconfigurable antenna cannot

be maintained or repaired.
2.4.3 Reconfigurable textile antennas using reconfiguration module

Another practical method used to integrate active components into wearable textile
antennas is using reconfiguration modules [28]. The first proposed reconfiguration
module and its integration solution are illustrated in Fig. The module has a ded-
icated circuitry embedded in a PCB structure in its middle between two back-to-back

male snap-on buttons connected at the two terminals of the PCB unit. The completed
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Figure 2.21. Fabrication process of a reconfigurable wearable antenna using PDMS. Manu-

facturing process to realize frequency-reconfigurable flexible antenna using PDMS. The image was

adopted from .

module is then placed in the center of a body-worn antenna, the two back-to-back male
snap-on fasteners at two sides of the reconfiguration module are engaged with their fe-
male counterparts at the other sides of antenna conductive layers. A fabricated PCB
module and a completed module prototype are shown in Fig. Due to the excel-
lent mechanical and RF connections provided by the snap-on buttons, the proposed
reconfiguration module and consequently the loaded active components are well con-
nected to the textile conductors of the antenna. Once the reconfiguration module is
manufactured, the antenna fabrication process requires short amount of time. The
antenna practicability was validated by a bending test and a loading test with a dielec-
tric disk placed onto the antenna resonant patch. The proposed antenna exhibited a
relatively wide frequency tuning range of 32.8% with high radiation efficiency up to
90%. In [28], the authors utilized varactors as tuning components to design frequency-

reconfigurable wearable textile antenna aiming to demonstrate the feasibility of the
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reconfiguration module concept. It is also possible to use the proposed module to load
other types of active components such as PIN diodes or RF-swich IC to realize pattern-
or polarization-agile textile antennas. However, since the proposed reconfiguration

module design is only dedicated to vertical electronics-to-textile connection, its appli-
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Figure 2.22. Reconfiguration module integration solution. A solution to integrate a reconfig-

© 2018 IEEE

uration module into wearable textile antennas using snap-on button connections. The image was
adapted from [28].

Snap-on button

Circuit board b DC wire
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Figure 2.23. Reconfiguration module for wearable textile antennas. Reconfiguration module
for wearable textile antennas. (a) PCB board with components loaded and (b) prototype of recon-

figuration module. These images were adopted from [28].
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2.4.4 Summary on reconfigurable wearable textile antennas

To date, there have been very limited practical solutions for realizing electronic-to-
textile connections aiming to implement reconfigurability to wearable textile anten-
nas. Using PDMS as an encapsulating layer [29,[30], the connections between active
components and antenna textiles are securely maintained even after extreme tests of
bending or washing. However, this method requires complicated fabrication processes
which are very time consuming. Furthermore, the antenna radiation efficiency is low
due to the high loss characteristics of PDMS. Another promising solution is utilizing
reconfiguration modules combining snap-on buttons and dedicated circuitry units. In
this solution, active components are assembled onto a small PCB with back-to-back
male snap-on fasteners. Excellent mechanical and RF connections between the module
and the antenna textile conductors were demonstrated through extreme bending and
loading tests. The antenna exhibited wide frequency tuning range and high radiation
efficiency. However, the proposed reconfiguration module is only suitable to realize

connection between rigid electronics and antenna textiles in a vertical arrangement.

2.5 Conclusion

In this chapter, several aspects of wearable textile antenna technology have been re-
viewed. Firstly, some widely-used conductive and non-conductive materials in wear-
able antenna designs have been discussed. Each material exhibits its own advantages
and disadvantages which are appropriate for different design requirements. Consid-
ering antenna efficiency and fabrication complexity, PF-4 foam and conductive textiles
are found to be among the best choices for wearable textile antenna designs. Secondly,
some typical passive flexible textile antennas and corresponding design techniques
have been reviewed in the second section of this chapter. Several techniques such as
utilizing slots, multiple resonators, quarter-wave modes (PIFA structure), and compo-
nents such as conductive yarns, shorting eyelets and metallic snap-on buttons were
employed in realizing flexible body-worn antennas. In the last section of this chapter,
some practical solutions used to realize reconfigurable wearable textile antennas have
been presented. It is found that, utilization of reconfiguration module is one of the

most effective method to realize practical reconfigurable body-worn antennas.

Page 40



Chapte

Shorting Strategies for
Wearable Textile Antennas

HORTING vias are standard components in planar fabrication
technologies, but their implementation is not straightforward in
wearable textile electronics. There have been broadly four main
different shorting strategies for wearable flexible textile antennas, namely
those based on embroidered metalized wires, folded strips of metalized fab-
ric, metallic eyelets, and snap-on buttons. Each method exhibits different
strengths and weaknesses in terms of complexity, efficiency, mechanical sta-

bility, and modularity.

In this chapter, these shorting strategies are applied to design differ-
ent selected antenna structures, specifically two variations of a quarter-
wavelength patch antenna and a monopolar patch antenna with edge short-
ings. The analysis aims at guiding designers in the selection of the most
appropriate shorting method for their specific application, considering the
efficiency of the folded strips, the fabrication simplicity of the eyelets, the
mechanical stability of the embroidered vias, and the modularity of the

snap-on buttons.
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3.1 Introduction

As mentioned in Chapter[2] since wearable textile antennas are destined to be mounted
on or integrated into clothes, they need to be low-profile, light-weight and flexible.
Several prevailing materials, including conductive as well as non-conductive types,
have proved their suitability in wearable antenna designs. Typical flexible and light-

weight conductive materials have been discussed in Chapter 2Jand can be summarized

as copper tape [64}65]], conductive ink [66H68], conductive polymers
105)[106], graphene composites and conductive textile
61}[74}[78]. Popular non-conductive substrates include felt [1,[10}64,7579,[109], PDMS
and PF-4 foam [35H37,56,57].

Shorting metallic vias are used widely in printed circuit board (PCB) antenna tech-
nology to vertically connect metallic layers to the ground plane across the substrate.
They are used for example to reduce the size of antennas , to create substrate-
integrated waveguides and cavities or to control the current distributions,
as illustrated by the monopole-like radiation pattern of centered-fed patch antennas
with edge-shortings [119H124]. For rigid antennas, the shorting vias are often imple-
mented by using rivets [95,[118,[121}[122,[125], metallic walls or metalized
holes which are illustrated in Fig. (a), (b) and (c), respectively. A set of 12
shorting rivets in Fig. 3.1/ (a) and 4 shorting walls in Fig. [3.1| (b) are used to generate
additional radiation modes. In Fig. (c), the metalized holes are utilized to create a

substrate-integrated waveguide. Such methods are however not applicable for textile

antenna technologies, and thus there is a need for dedicated solutions in this domain.

©) 2017 IEEE

ground plane

©) 2014 IEEE © 2008 IEEE '2'50 Q SMA connector
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Figure 3.1. Shorting vias for rigid antennas. Examples of shorting vias for rigid antennas,
implemented by using (a) rivets, adopted from [122], (b) metallic walls, adopted from [120] and (c)
metalized holes, reproduced from [116].
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In this context, recent studies have proposed several strategies to realise shortings be-
tween a patch and its ground plane for wearable antennas. These include embroidered
vias [35,87,126)127], a folded strip of metalized fabric [128,129], eyelets [7,130-132] and
snap-on buttons [37,[(133]. All the mentioned studies demonstrated ad-hoc utilization
of a particular shorting method in its textile implementation. There is however a need
for a detailed analysis on the strengths and weaknesses of these prevailing shorting
methods, which motivates the present detailed investigation. It is noted that prelimi-
nary comparison of three shorting strategies was published in a conference contribu-

tion [128], however only based on simulations.

This chapter will firstly present a comprehensive numerical and experimental investi-
gation on the aforementioned four popular shorting methods compatible with textile
technologies, which are embroidered vias, folded strips of metalized fabric, eyelets
and snap-on buttons. These shorting strategies are briefly described and then applied
to construct three antenna topologies including two variations of quarter-wave patch
antennas and a planar patch-based monopolar antenna. Simulation, fabrication pro-
cesses and measurement results are presented before the advantages and disadvan-

tages of each shorting methods are discussed.

To demonstrate the benefit of the interchangeability of the snap-on fasteners, the sec-
ond part of the chapter will present a dual-band wearable textile patch antenna with
modular pattern interchangeability. The antenna simultaneously covers the 2.45 and
5.8 GHz ISM radio bands. By utilizing detachable shorting connections of metalic
snap-on buttons, the proposed antenna can be set up to radiate either in broadside
or monopole-like radiation patterns at 2.45 GHz, while the radiation characteristics at
5.8 GHz remain unchanged. The proposed modular antenna is fabricated and mea-

sured to validate the concept.

3.2 Shorting strategies for wearable textile antennas

In this section, four different shorting strategies for wearable flexible textile anten-
nas, namely based on embroidered metalized wires, folded strips of metalized fabric,
eyelets and snap-on buttons are investigated. These shorting methods are applied to
design different selected antenna structures, specifically two variations of a quarter-
wavelength patch antenna and a monopolar patch antenna with edge-shortings. The

simulated and experimental results demonstrate how these four shorting strategies can
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be effectively used in flexible wearable textile antenna designs. Each method exhibits
different strengths and weaknesses in terms of their complexity, efficiency, mechan-
ical stability and modularity. The analysis aims at guiding designers in selection of
the most appropriate shorting method for their specific application, considering the
efficiency of the folded strips, the fabrication simplicity of eyelets, the mechanical sta-
bility of the embroidered vias and the modularity of the snap-on buttons. The results

presented in this section have been published in [41].

3.2.1 Overview

The four mentioned shorting strategies, as illustrated in Fig. 3.2/in cut views, are se-
quentially introduced in the following, together with general descriptions of their fea-

tures and expected performance.

(@) (b)

(©) (d)

Figure 3.2. Four considered shorting strategies. Four considered shorting strategies, shown in
a cut view. (a) Embroidered vias, (b) folded strips of metalized fabric, (c) eyelets and (d) snap-on

buttons.

Shorting with embroidered vias

Embroidery techniques have been used widely in textile antenna designs due to their
compatibility with textiles and clothing manufacture techniques [35,51,[126|(134]. Con-
ductive textile planes on different layers can be electrically connected using embroi-
dered stitches realized in silver-coated yarns, as illustrated in Fig.|3.2|(a). This shorting

modality is expected to increase the mechanical robustness of the antennas and can be
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applied for mass production since the manufacture process is a standard technique in
the textile/clothing industry. Nevertheless, the typically modest conductivity of avail-
able conductive threads is expected to degrade the antenna performance in terms of
gain and efficiency. Furthermore, each stitch causes a local compression of the sub-
strate, which is a critical parameter that increases the complexity of modeling and may

affect the antenna performance [35,56].

Shorting with folded strip of metalized fabric

A thin folded strip of metalized fabric can be used to provide electrical connection be-
tween a planar conductor layer and the ground plane. As shown in Fig. (b), the
strip may be made from the same cut of conductive fabric as the top metallic patch,
thus benefiting from a seamless contact and a very low sheet resistance. This partic-
ular feature leads to expectation of high antenna performance in terms of radiation
efficiency. However, the electrical connection of this folded strip to the ground plane
is not necessarily always straightforward, since it may require conductive glue or em-

broidery technology for some antenna topologies.

Shorting with eyelets

The use of eyelets is very widespread in the clothing industry. Fabric eyelets made
of copper or brass can be utilized to realize shorting vias between two conductive
textile layers (Fig. (c)). This method is in fact very similar to the soldered rivet
vias employed in PCB technologies. Shorting with eyelets is expected to be the easiest
method for fabrication, since it is based on a standard clothing manufacture process.
However, a tight connection between eyelets and the conductive textile need to be

maintained to guarantee the antenna performance.

Shorting with snap-on buttons

Snap-on buttons are another type of fixture commonly adopted in the clothing indus-
try. An assembly of two back-to-back metallic male snap-on buttons can be used to
build a connection between two conductive textile layers separated by a substrate
(Fig. 3.2 (d)). The female snap-on buttons are utilized to affix the back-to-back male
buttons with the conductive textile layers. The tightness of the connection between the

female and male snap-on buttons highly depends on the substrate thickness. For very
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thin substrate this connection is maintained with high level of robustness since a typ-
ical disengaging force is approximately 3 N [88]. The main advantage of this shorting
method is the modularity of the possible connections [37], however at a cost of a rather

complex fabrication process.

3.2.2 Antenna configurations

The two generic antenna topologies employed in this study are a quarter-wave patch
antenna (which can be referred to as a type of planar inverted-F antenna - PIFA) and
a planar monopole antenna with ground-shorting, since these antenna types both rely
on shorting vias, while operating on very different principles. The PIFA design is based
on [135], however with an adaptation of a proximity-coupled feed instead of a probe
feed. The proximity-fed monopolar patch structure is based on [123], with a circular
radiation patch and three single vias instead of a rectangular patch with four multi-
vias shorting walls. The antennas are designed to operate simultaneously at 2.45 and
5.8 GHz, i.e. in two of the ISM frequency bands. This dual-band operation will also
allow to investigate how diverse modes in the antenna structure may be differently

affected by the shorting strategy.

In order to satisfy wearability requirements, the antenna substrate is selected here as
a highly flexible and light-weight material, which is Cuming Microwave C-Foam PF-4
with a thickness of 1.6 mm, relative permittivity ¢, = 1.06 and loss tangent tané = 0.0001.
Our test indicated that, the PF-4 foam has a compression set of approximately 15% of
initial thickness after being compressed by 50% at about 23°C for 72 hours. This mea-
sured result is significantly below the suggested maximum compression set of 40% for
wearable antenna design from [136]. This type of substrate was empirically found in
other works to have satisfactory compressibility [35,36] and flexibility [28,37] for wear-
able textile antennas. The antenna ground plane, resonant patch and microstrip feed
are designed using a highly electrically conductive silver-coated nylon RIPSTOP fabric
(referred to as “silver fabric” in the following) with a sheet resistance of 0.01 {)/square.
For brevity and consistency of the results, only one type of substrate and conductive
material is considered. However, it is to expect that similar considerations on these
shorting strategies can be applied to other flexible substrates such as felt or PDMS as

well as other conductive textile materials.
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All antenna designs have been refined through parametric full-wave simulations, so
that they operate satisfactorily in the mentioned two ISM bands. All simulations were
performed using CST Studio Suite 2019.

PIFA structures and operation principle

The PIFA configurations are shown in Fig. 3.3] and the final dimensions are listed in
Table In order to create the quarter-wave PIFA topologies, the resonant patch can
be shorted either on an entire side or at two points at one of its edges. For each shorting
method, a specific parametric refinement has to be performed on parameters Wy - Wy
and L - L4 to adapt the dual operation bands and maximize the antenna performance.
For a PIFA, the quarter-wave patch size is roughly inversely proportional to the width
of shorting wall . Therefore, PIFAs using full shorting wall require larger resonant

patches than the ones using two shorting posts.

- 9 of— Ly —f—L;—] Shorting embroidered vias

Feed

ceccccccccccccccccncnny

_L — L3

-\

() (9)

Shorting
position
' -K | 40 |
(a)

Figure 3.3. PIFA antennas configuration. (a) PIFA configuration with fixed dimensions given in
mm while variables Wy - W4 and Ly - L3 refer to values in Table . The right-hand side images
illustrate the shorting implementations: (b) full embroidered wall, (c) two small embroidered walls,
(d) full folded strip of silver fabric, (e) two small folded strips of silver fabric, (f) full wall of 4 shorting

eyelets, (g) two shorting eyelets, (h) full wall of 4 snap-on buttons and (i) two snap-on buttons.
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3.2.2 Antenna configurations

Table 3.1. PIFA antennas dimensions. PIFA dimensions (in mm) for the various shorting types

W1 Wz W3 W4 L1 LZ L3

Full embroidered via 52.7 | 21.6 | 33.8 - 10.2 | 15.0 | 14.0
Full silver fabric strip 52.6 | 21.6 | 344 - 10.2 | 15.0 | 14.0
Full eyelet 53.6 | 21.6 | 34.4 | 10.4 | 10.8 | 15.0 | 15.0
Full snap-on buton 543 | 24.0 | 34.0 | 10.8 | 12.0 | 16.0 | 14.5

Two embroidered vias | 45.7 | 3.9 | 28.0 | 10.0 | 8.3 | 17.0 | 15.0
Two silver fabric strips | 45.7 | 3.9 | 28.0 | 10.0 | 8.1 | 17.0 | 15.0
Two eyelets 46.0 | 39 | 28.0]200| 80 |17.0 | 14.0
Two snap-on buttons | 45.6 | 7.5 | 26.0 | 16.0 | 10.2 | 17.0 | 15.0

The antenna radiation patches are shorted to the ground at one resonant patch edge
to excite the TMg (05)0 mode, and its instantaneous electric field distribution is shown
in Fig.3.4{(a). A higher-order mode TMg,;, with the instantaneous electric field dis-
tribution displayed in Fig. 3.4] (b), is realized by optimizing the patch geometry and
consequently the input impedance. An irregular hexagonal shape is used to design
the resonant quarter-wave patch instead of a traditional canonical shape, to add de-
grees of freedom in optimizing the antenna performance. The dual-band character-
istics are achieved by exploiting two radiation modes simultaneously. The parameter
optimization for important dimensions Wy, W, and Wj for the PIFA using two shorting
eyelets are shown in Fig. 3.5/to demonstrate the general design procedure. The PIFA
mode (TMS(O'S)O)
patch length (L1 + L) which is approximately a quarter-wave length. As illustrated in
Fig.3.4{ (b), the higher band at 5.8 GHz is mainly determined by the patch width Wj.
Therefore, once the quarter-wave mode is excited, the next step is to change the radi-
ation patch width Wj to obtain the higher band at 5.8 GHz. As shown in Fig. 3.5 (a),

the higher band is more sensitive to the radiation patch width W; than the lower band.

resonating at 2.45 GHz is initially excited by choosing an appropriate

Once the 5.8 GHz is approximately achieved, the narrow feeding end of the resonant
patch with width W is varied aiming to tune the lower band while maintain the higher
band, as depicted in Fig. 3.5/ (b). Lastly, the shorting posts” spacing W, (for the PIFAs
using two shorting posts) or the dimension W3 (for the PIFAs using full shorting wall)

is optimized for the higher frequency only with minor effect on lower frequency as

shown in Fig. 3.5 (c).
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Figure 3.4. Electric field distributions of PIFA. Simulated electric field amplitude distribution in
the cavity of the PIFA. (a) PIFA mode at 2.45 GHz and (b) higher-order mode at 5.8 GHz.
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Figure 3.5. Simulated input impedance for the PIFA. Simulated input impedance for the PIFA

antenna with various patch dimensions. Solid lines: imaginary part; Dashed lines: real part.
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3.2.2 Antenna configurations

Monopole antenna structures and dimensions

The low-profile shorted-patch monopole antenna structures and dimensions are shown
in Fig. This antenna topology is based on the generic designs of shorted-patches as
presented in [125], and more specifically on derived designs described in [120,124}137].
In this antenna structure, the centered-fed circular patch is shorted at three points on
its circumference, where the 120° separation creates three in-phase radiating apertures,
which can be observed in the electric field distribution shown in Fig.|3.7|(a). These thin
apertures create an equivalent magnetic current loop and have a resonance at a lower
frequency of 2.45 GHz. Three PF-4 layers of 1.6 mm thickness are stacked to create the
substrate and increase the bandwidth at 2.45 GHz.

fo——— 60 ——— Shorting embroidered vias Shorting folded strips

horting T3
_ —
ositions ‘.

Shorting eyelets Shorting snap-on buttons

Figure 3.6. Shorted-patch monopolar antenna configuration. (a) Shorted-patch monopolar
antenna configuration and dimensions (in mm) with shorting positions, (b) shorting embroidered
vias: d = 51.3 mm, (c) shorting folded strips of silver fabric: d = 43.2 mm, (d) shorting eyelets: d
= 43.7 mm and (e) shorting snap-on buttons: d = 53.9 mm.

In order to create a higher-order mode operating at the higher resonance frequency at
5.8 GHz and cover the corresponding ISM band, we used a stacked proximity-coupled
teed structure which is depicted in Fig. with dimensions shown in Table The
general design procedure is to start from a design achieving its lower-order resonant
mode at 2.45 GHz. Since the length of the three apertures influences the resonance

frequency at the monopole mode significantly [123]], the shorting positions (for the
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Max
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Figure 3.7. Electric field distributions of the monopole antennas. Simulated electric field
amplitude distribution in the cavity of the monopole antennas illustrating the three radiating apertures
on the circumference. (a) Monople mode at 2.45 GHz and (b) higher-order mode at 5.8 GHz. The

hot spots in the center are due to the proximity of the feeding structure.
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Figure 3.8. Stacked proximity-coupled feed structure and dimensions. Stacked proximity-

coupled feed structure and dimensions (in mm).
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3.2.2 Antenna configurations

Table 3.2. Stacked proximity-coupled feed dimensions. Stacked proximity couple feed dimen-

sions (in mm)

Ws | We | Ly | Ls | Lg
Shorting eyelets 115 9.0 | 25.0 | 2.8 | 17.9
Shorting snap-on buttons | 21.1 | 0 | 26.5 | 3.7 -
Shorting embroidered vias | 9.7 0 | 270 3.0 -
Shorting folded strip 115 (9.0 | 275 | 25 | 174
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Figure 3.9. Simulated input impedance of the monopole antenna. Simulated input impedance
of the monopole antenna for various values of feeding dimensions. Solid lines: imaginary part; Dashed

lines: real part.

monople antenna using shorting eyelets and shorting snap-on buttons) or the short-
ing dimensions (for the monople antenna using shorting folded strips and shorting
embroidered vias) are selected to realize the lower band at 2.45 GHz. The parameter
optimization for important dimensions d;, Wg and L¢ for the monopole antenna using

shorting eyelets are shown in Fig. 3.9 to demonstrate the general design procedure. It
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can be concluded from Fig. 3.9 (a) that, by varying the gap in-between shorting posi-
tion and the patch edge (d;) (the wall width Wy for shorting by folded strips of silver
fabric, see Fig.[3.6), the resonance frequency of the monopole mode is changed with
almost no influence to the higher band. For the monopole antennas using shorting
folded strips and shorting embroidered vias, it is necessarily to vary the shorting di-
mensions in stead of shorting position d. The 5.8 GHz band then can be adjusted by
varying the two dimensions of the stacked proximity-coupled feed W and Lg. By op-
timizing the feed dimension, the higher frequency is changed with very minor effect
on the lower frequency as shown in Fig.[3.9|(b) and (c).

3.2.3 Antenna simulation and fabrication

Simulation and fabrication methods for different shorting strategies are presented in
this section. In order to fabricate the considered antennas, the PF-4 foam substrate and
silver fabric pieces are cut to given dimensions, preferably using a laser milling ma-
chine for best accuracy. For the antenna shorted using folded strips of silver fabric and
embroidered walls, the resonant patches are cut in a different ways which will be ex-
plained later. The ground plane, top plane and microstrip feed are attached to the foam
substrates using washable fabric glue. Conductive epoxy CW2400 from CircuitWorks
is used to mechanically and electrically connect all the conductive parts together in-
cluding an SMA connector to the microstrip feed and the folded strips of silver fabric

to the ground plane.

Embroidered vias

The embroidered via-walls are realized using Statex Shieldex 117/17 dtex 2-ply con-
ductive yarn which has an appropriate diameter of 0.12 mm and linear resistance of
R =40 Q)/cm. There are two critical parameters to be considered: the stitch density

and the substrate compression.

The stitch density depends on both the stitch spacing as well as the number of passes,
and has been shown to have a significant impact on antenna performance [35, 56,86,
134,[138,139]. A higher embroidery density decreases the via effective sheet resistance,
and also leads to a higher mechanical robustness of the antenna structure. However,
a large number of path may undermine the integrity of the foam substrate, and there-

fore, a trade-off is required. In this study, a stitch spacing of 2 mm with two repetitions
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3.2.3 Antenna simulation and fabrication

(passes) of the embroidery is applied to create the shorting vias which is illustrated in
Fig [3.10] (a). Due to easier fabrication, instead of using a linear via, a circular embroi-

dered via with a radius of 3 mm is utilized for a shorted-patch monopole antenna (as
displayed in Fig [3.10|(d)).

A compression of the flexible substrate is observed at the seam and is a critical pa-
rameter to consider while designing embroidered shorting vias or walls. The effective
height of the embroidered connection is decreased due to this substrate compression,
which is actually beneficial to the antenna performance, as it leads to a shorter resistive
path and thus a higher radiation efficiency [35].

In order to precisely simulate the substrate compression, embroidered samples with
selected densities are manufactured as shown in Fig (b) and (e). On that basis, the
substrate compression can be quantified for accurate 3D modelling, allowing inclusion
in the 3D simulations as illustrated in Fig (c) and (f).

(a) ' Top view . . (d

di

Side view

© CST 3D Model ®

Figure 3.10. Substrate compression caused by embroidery vias. Substrate compression caused
by an embroidery wall and a circular embroidered via. Linear wall: (a) fabricated prototype, (b)
compression dimensions with d; = 0.4 mm, d; = 5.8 mm and (c) CST simulation. Circular via:
(d) fabricated prototype, (e) compression dimensions with d; = 1.1 mm, d, = 8 mm and (f) CST

simulation.
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Figure shows the embroidery processes for the three different types of antenna
considered using a Brother Entrepreneur PR655 Advanced 6-Needle Home embroi-
dery machine. The fabrication challenge for this shorting method lies in the embroi-
dery tolerance. However, once an appropriate embroidery fabrication setup is defined,

the process is scalable for mass production.

Since the embroidered walls are placed at the edge of the resonant patch, it is necessary
to extent the resonant patch at the shorting position to make sure that the embroidered
walls fully contact the patch. Figure (c), (d) detail the extended parts which have
similar width as the embroidered shorting walls and appropriate length (4 mm in this
case). These parts can be cut off after the embroidery process is completed. It is unnec-
essary to make the extended path for monopole antenna because the circular walls are

embroidered fully inside the resonant patch.

@) (b)

(© (d)

Figure 3.11. Embroidery process. Embroidery process, (a) embroidery machine, (b) planar

monopole antenna, (c) PIFA with two small embroidered vias and (d) PIFA with full embroidered via.
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3.2.3 Antenna simulation and fabrication

Folded strip of metalized fabric

This method is the simplest shorting strategy since it only requires thin strips of met-
alized fabric to connect the resonant patch to the ground plane. In simulation, a sheet
resistance of 0.01 ()/square corresponding to the silver fabric characteristic has been

used to realize the shorting strips.

The fabrication process to create a shorting wall using folded strip of silver fabric in-
cludes the following steps. The resonant patch and the shorting walls with an extra
length are cut as one piece of conductive fabric, as illustrated in Fig. (@). An ex-
tra shorting wall length of 3 mm offers sufficient contacting area for connection to the
ground plane. The strips are inserted through made-to-purpose slits in the substrate,
as shown in Fig. (b), folded as shown on Fig. (c) and glued to the later affixed
ground plane using conductive expoxy. All the steps of the fabrication procedure can
be well controlled, making the process convenient and accurate. Fig. (d) shows
the fabricated PIFA with two folded strips of silver fabric as an example.

(a) (b) (©) (d)

Figure 3.12. Fabrication of shorting with folded strips. Fabrication of shorting with folded
strips, (a) resonant patches with shorting strip/walls, (b) shorting strips/wall inserted through the
substrate, (c) back side of the substrate before attachment of the ground plane and (d) the fabricated
PIFA with two folded strips of silver fabric.

Eyelets

Brass eyelets are selected to implement the shortings due to their high conduction effi-
ciency. A precise modeling of the eyelet dimensions and the observed substrate com-
pression are two important aspects in simulation. A larger eyelet’s ring radius will
lead to a better textile connection at a cost of a larger antenna size. Considering this

trade-off, we select eyelets with an outer cylinder radius of 0.75 mm and a cap radius
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of 1.33 mm. Additionally, an intrinsic substrate compression is observed near the eye-
let, which strengthens the eyelet-to-textile connection. It is important to note that the
level of substrate compression here is controllable through manufacture settings. In

the present study, the substrate compression is selected as 0.2 mm.

The antennas with shorting eyelets require some specific fabrication steps. Holes are
punched in the substrate to provide a tight fit and cross slits are cut through the con-
ductive textile layers to warrant electrical contact, as shown in Fig. (a). A washer
is utilized to enhance the contact between the eyelet and the antenna ground plane
as shown in Fig. (b) and (c). The eyelet riveting process allows a fabrication at
high level of accuracy, with potential for automatization. The fabricated PIFA with
two eyelets is displayed in Fig. (d).

(b) (©) (d)

Figure 3.13. Eyelet riveting processes. Eyelet riveting processes, (a) cross slits on the patch
and ground plane for accommodating the eyelets, (b) eyelets and washers placement, (c) completed

riveting and (d) fabricated PIFA with two eyelets.

Snap-on buttons

Commercial snap-on buttons were utilized as fixtures and RF connectors in [37,[133,
140]. In order to realize a snap-on button shorting strategy, we use back-to-back male
nickel snap-on buttons to form a via. Two female buttons provide the counterpart
connections and mechanical fixture to conductive textiles [37]. The dimensions of the
snap-on configuration in Fig. indicate that a maximum gap between two female
buttons is 2.6 mm which is still shorter than the substrate thickness of either the PIFA
or monopole antenna at 3.3 and 4.9 mm, respectively. This feature consequently in-

troduces a substrate compression and thus enhances the button-to-textile connection
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3.2.3 Antenna simulation and fabrication

robustness. However, this also leads to potential unwanted detachment of the female
buttons in working condition due to the pushing force of the compressed substrate. It
is therefore necessary to reduce the substrate compression to an appropriate level, e.g.,
by sewing the bottom female snap-on button on the ground plane to integrate it into
the antenna. In this case, there is almost no substrate compression for the PIFAs and

the substrate compression level for monopole antennas is reduced from 1.3 to 0.4 mm.

f 6.2 N
. 1.8 e
T 2.2
2.2 ¥
X i i
l < o ’ Y
Soldering Conductive 308]|26
t ~ textiles ~ v
1 1
e— 5.8 —
(@) (b) (c)

Figure 3.14. Snap-on button via connection. Snap-on button via connection (dimensions in
mm). (a) Back-to-back male connection, (b) pair of female snap-on buttons for connection to the

back-to-back male buttons and (c) completed connection using snap-on buttons.

The antennas with snap-on button shorting were fabricated in the following steps.
Firstly, a back-to-back male snap-on buttons connector is fabricated by soldering two
male snap-on buttons together as depicted in Fig. (a). A pair of female snap-on
buttons are used to form a complete connection as shown in Fig. (b) and (c) respec-

tively. As shown in Fig. (a), the bottom female snap-on buttons are permanently

_______ Z, )
| Top
p R : Female snap-on
_________ . Bottomn : button
: female snap-on |
: button |
Conductive

‘_:— yarn

!

(a) (b)

Figure 3.15. Shorting by snap-on buttons. Shorting by snap-on buttons, (a) bottom female

snap-on buttons sewed to the ground plane and (b) completed antenna.
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sewed to the ground plane using conductive thread to enhance connection robustness.
Holes on antenna substrate are also required for accommodating the back-to-back male
snap-on buttons connectors. Fig. (b) depicts a completed antenna with the female
snap-on buttons affixed on the top. For this shorting method, the discrepancy between
simulated and manufactured antennas is caused by the inaccuracies inherent to a man-

ual fabrication process.

3.2.4 Measurement results and comparison

This section presents characterization of the performance for all twelve fabricated an-
tenna variations, illustrating and comparing the application of four shorting strategies
onto the three types of antennas. The twelve fabricated antennas with various shorting
strategies are shown in Fig.

Reflection coefficient

Figure[3.17/shows the simulated and measured reflection coefficients (|S11]) of the eight
PIFAs and four monopole antennas. A good agreement between simulation and mea-
surement results is obtained for all twelve antennas. The bandwidth of all twelve an-
tennas completely covers both the 2.45 and 5.8 GHz ISM bands. It is noticeable that
there are discrepancies in simulated and measured reflection coefficients in the higher
band for the monopole antennas. This is mainly caused by an imperfection of the
manual fabrication of stacked feeding structure, which is not related to the shorting

methods.

Radiation patterns

The measured radiation patterns of all twelve antennas at 2.45 and 5.8 GHz are shown
in Fig. All the antennas have the expected radiation patterns, namely directional
patterns for PIFAs and omnidirectional patterns for the monopole antennas. The dif-
ference in antenna gains is indicative of different efficiencies among the shorting strate-

gies and will be quantitatively investigated in the next section.

Gain and efficiency

The measured realized gain and efficiency for all antennas are compared in Table

At 5.8 GHz, small variations in the measured gain and efficiency are mainly attributed
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Embroidery vias

(a)
Folded strips of silver fabric
(b)
Eyelets
(©)
Snap-on buttons
(d)

Figure 3.16. Twelve fabricated antennas with various shorting strategies. Twelve fabricated
antennas with various shorting strategies, (a) antennas using embroidery vias, (b) antennas using

folded strip of metalized fabric, (c) antennas using eyelets and (d) antennas using snap-on buttons.
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Figure 3.17. Reflection coefficients of the twelve antennas. Simulated and measured reflection
coefficient comparison between the twelve antennas with various shorting strategies, (a) eight PIFAs

and (b) four monopole antennas. The targeted ISM bands are represented as gray areas.

to imperfect fabrication and measurement, since the design is much more sensitive to
the resonant patch dimensions at this frequency. In contrast, at 2.45 GHz, the discrep-
ancies between measured results are mainly due to the different losses arising from
the various shorting methods. Due to a smaller patch size, the PIFAs with two short-
ing posts have slightly lower gain and efficiency than the ones with a full shorting
wall. The measured gain of all monopole antennas in the xy-plane are low which is
attributed to the small size of the antenna and omnidirectional conical radiation char-

acteristics.

The antennas using the folded strips of silver fabric have consistently the highest gain

and efficiency as expected due to the highest conductor efficiency of this shorting
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—--- Embroidered vias —--- Eyelets
—--- Silver fabric ——--- Snap-on buttons
xz-plane yz-plane xz-plane yz-plane

2.45GHz 0°

T
S

Figure 3.18. Measured radiation patterns of the twelve antennas. Measured radiation patterns
(realized gain) of the twelve antennas: (a) PIFAs shorted by full wall, (b) PIFAs shorted by two posts

and (c) monopole antennas. Solid lines: co-polarization. Dashed lines: cross-polarization.

method. The high resistance of the embroidered conductive vias or wall lead to the
lowest antenna gains and efficiencies. The decrease of antenna gains and efficiencies
of the antennas using eyelets and snap-on buttons is likely due to the imperfect con-

nection of eyelets and snap-on buttons with the ground planes and radiation patches.

Impact of bending

Since wearable antennas are mostly mounted conformally on the human body, it is
necessary to assess the effect of bending on the antenna performance [141]. All the
antennas were bent and the effect of this deformation on the reflection coefficient was

measured. The bending radius is chosen at 30 mm to mimic the extreme case when
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Table 3.3. Measured antenna gains and efficiencies of the twelve antennas. Measured antenna

gains and efficiencies

Antenna 2.45 GHz 5.8 GHz
Measured | Efficiency | Measured | Efficiency
gain (dBi) (%) gain (dBi) (%)
PIFA with full embroidered wall 3.65 77.80 7.45 92.04
PIFA with full silver fabric strip 4.45 95.06 7.83 96.38
PIFA with full eyelets 3.77 83.75 8.07 93.97
PIFA with full snap-on buttons 3.27 67.76 7.25 88.51
PIFA with two embroidered vias 2.79 65.77 6.28 85.90
PIFA with two silver fabric strips 3.92 92.26 6.65 89.42
PIFA with two eyelets 3.19 82.60 7.06 92.47
PIFA with two snap-on buttons 2.81 66.99 6.54 89.33
Monopole antenna with embroidered vias 0.88 71.45 6.72 92.04
Monopole antenna with silver fabric strips 0.93 76.74 6.48 93.11
Monopole antenna with eyelets 0.79 69.98 6.69 92.47
Monopole antenna with snap-on buttons 0.69 69.34 7.39 94.41

the antennas are mounted on a very small arm. Two bending directions are considered
here: along the x-axis and along the y-axis. The measured reflection coefficients at
both 2.45 and 5.8 GHz are shifted insignificantly, as shown in Fig. In these two
bands, the worst reflection coefficients are only observed at the bandwidth limits and
reach approximately —6 dB. Considering the extreme bending test conditions, these

reflection coefficients are still practically acceptable.

Thermal imaging of the antennas

A lossy shorting via will lead to an increase in the temperature of the operating antenna
due to the ohmic loss. In this section, the differences in antenna gain and efficiency
between the considered shorting methods is validated qualitatively by comparing the

temperature at shorting positions measured using a thermal infrared camera.
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Figure 3.19. Reflection coefficients of antennas under bending conditions. Measured reflection
coefficients of antennas under bending conditions. Eight PIFAs were bent along (a) the x-axis and
(b) y-axis. Four monopole antennas were bent along (c) the x-axis and (d) y-axis. Inset: examples

of bending test configurations in 3D-printed holders.

The temperature measurement setup is shown in Fig. The temperature is mea-
sured using a FLIR E53 Advanced Thermal Imaging Camera with a reading tempera-
ture range extending from -20°C to 120°C. A sinusoidal reference signal is generated
using an analog signal generator, and then passed through an RF amplifier to reach
a power of 1 W before feeding the antennas. In order to reduce the impact of ther-
mal noise, the measurements are taken in an anechoic chamber without any reflecting

objects in vicinity and with the light turned off during measurements.
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Figure 3.20. Temperature measurement setup. Temperature measurement setup with a thermal

infrared camera.

Figure illustrates representative thermal images of three typical antennas for the
case when the power is first off and then turned on. The antennas are left to reach their
equilibrium point sequentially at the two operation frequencies. The overall averaged
antenna temperature is measured initially, before recording the temperature at some
typical points on the antennas for comparison. The considered points for temperature
measurements are three points at the shorting positions for the monopole antennas, six
points along the shorting wall for the fully edge-shorted PIFAs, and two points at two
shorting positions for the post-shorted PIFAs. According to Fig. the temperature
on the shorting points for the post-shorted PIFA is higher than for the fully shorted
PIFA, which corroborates the differences in the measured gain and efficiency of these
two types of PIFA as mentioned in Section It can be also observed that at 5.8
GHz the antenna temperature does not significantly change while the power is turned
on. The reason is that at 5.8 GHz all twelve antennas are radiating in the very efficient
patch mode (with higher than 90% efficiency) where nearly no currents are flowing
through the shorting posts/wall. Based on the temperature at considered points at
2.45 GHz displayed in Table a good correlation between the antenna efficiencies

and shorting point temperatures is obtained.

The difference in temperature at shorting points for different shorting methods are
shown in Fig. For brevity, the represented results are limited to the PIFA antennas

with two shorting points. In this case, the antennas using the folded strips of silver
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Figure 3.21. Thermal images recorded for all the antennas. Thermal images recorded for all
the antennas using embroidered vias without and with excitation: (a) monopole antenna, (b) PIFA

shorted using full shorting wall and (c) PIFA shorted using two shorting points.

e e
@ © © @

Figure 3.22. Thermal images recorded for the two-spots-shorted PIFAs. Thermal images
recorded for all the two-spots-shorted PIFAs at 2.45 GHz: (a) embroidered vias, (b) folded strips of

silver fabric, (c) eyelets and (d) snap-on buttons.

fabric have the highest gains and efficiencies and the temperature at the considered

points for these antennas remains the lowest. The temperature at the considered points
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Table 3.4. Temperature of twelve antennas at considered points at 2.45 GHz. Temperature

at considered points at 2.45 GHz

Temperature in degree Celsius at

Antenna 4 minutes after turning the power on Meja'sured

Point | Point | Point | Point | Point | Point efhcolency
#1 #2 #3 #4 #5 #6 (%)
PIFA with full embroidered wall 39.1 36.6 35.5 35.3 36.4 38.8 77.80
PIFA with full silver fabric strip 34.9 32.6 314 | 317 31.4 33.2 95.06
PIFA with full eyelets 39.0 | 366 | 358 | 348 | 348 | 37.2 83.75
PIFA with full snap-on buttons 47.6 42.4 38.8 40.6 40.7 47.1 67.76
PIFA with two embroidered vias 52.8 53.2 - - - - 65.77
PIFA with two silver fabric strips 37.2 37.6 - - - - 92.26
PIFA with two eyelets 40.1 38.9 - - - - 82.60
PIFA with two snap-on buttons 51.4 50.9 - - - - 66.99
Monopole antenna with embroidered vias | 33.1 | 32.1 | 355 - - - 71.45
Monopole antenna with silver fabric strips | 33.5 | 31.9 | 321 - - - 76.74
Monopole antenna with eyelets 34.2 35.1 331 - - - 69.98
Monopole antenna with snap-on buttons 356 | 353 | 352 - - - 69.34

for the antenna using embroidered vias are the highest as expected, corresponding to

the lowest gain and efficiency.

3.2.5 Comparison summary

Based on the experiment results, it can be claimed that all shorting methods considered
are applicable to textile antenna design. However, each shorting method has its own
advantages as well as weaknesses. The selection of the appropriate shorting method
must consider several aspects according to the particular application and designers’
purposes. In this section, we extract the critical findings from the comparisons that
have been conducted for the four shorting methods and recommend them with re-
spect to fabrication, simulation, antenna performance, mechanical stability and modu-

larity. A broad qualitative comparison between the four considered shorting methods

is given in Table
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Table 3.5. Shorting strategies comparison. Shorting strategies comparison

Antenna Mechanical

Shorting methods Simulation Fabrication Modularity
performance stability
Complex, empirical Automated
. . Highest level of
Embroidered vias Excellent knowledge of production No
robustness
compression required applicable
Folded strip of ) ) Convenient, Intermediate level
Highest Straightforward No
metalized fabric high accuracy of robustness
Intermediate with
Convenient, | Intermediate level
Eyelets Excellent predictable No
high accuracy of robustness
compression effects
Complex, empirical
) Complex, Lowest level
Snap-on buttons Satisfactory knowledge of Yes
low accuracy of robustness

compression required

Antenna performance

As mentioned above, the highest gain and efficiency are obtained while using the
folded strip of silver fabric due to the highest conductivity of this shorting method.
The thermal analysis on the antennas confirms this finding. Hence, this shorting strat-

egy is the best candidate when the design priority is antenna performance.

Simulation

Shortings by folded strip of silver fabric or eyelet are the most convenient methods in
the perspective of their accurate modelling with full-wave simulation tools. Indeed,
these two shorting methods do not have significant uncertainties with respect to their
electrical or mechanical structure. In contrast, shorting by snap-on-buttons and em-
broidered vias are characterized by uncertainties with respect to their structures. For
example, the compression of the substrate needs to be pre-characterized for given em-
broidery settings, so that a sufficiently accurate prediction in simulations can be ob-

tained.

Fabrication

As mentioned in Section silver fabric and eyelet vias are straightforward to fab-

ricate with high level of accuracy, since every single manufacture step can be well
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controlled. The embroidered via method is more difficult to accurately fabricate than
the other methods, since it requires pre-characterization of features for prototyping.
However, once the settings are characterized, this method is also scalable for mass
production using industrial embroidery machines. Shorting by snap-on buttons is also
relatively difficult to manufacture due to the low degree of accuracy of manual fabri-
cation steps including sewing of female buttons to conductive textiles and soldering
of back-to-back male connectors. Nevertheless, industrial mass production techniques
with high accuracy can be applied to the manufacture of the male-to-male snap-on but-
ton connection. The automatic machinery for mass production in the clothing industry

can also be applied to diminish the fabrication tolerances.

Mechanical stability

All of four considered shorting methods have been proven to work well under various
bending conditions, as mentioned in Section However, the mechanical effect of
bending or crumpling on each shorting strategy is different, as described phenomeno-
logically in the following. Although the embroidered via shorting method is more
difficult than the other methods in prototyping stages, this method provides the most
robust mechanical connection and can help in the structural stability of the textile an-
tennas. The antennas shorted by folded strips of silver fabric also have high level of
robustness, since the shorting wall is fixed in the slit on the antenna substrate and
permanently glued to the ground plane. For shorting eyelet, a larger eyelet’s cap size
results in a more robust construction of the antenna. The antenna shorting by snap-on
buttons has a lower degree of robustness compared to the other methods, since the
detachment of the top female buttons can be occur in harsh operating conditions such

as bending or crumpling.

Modularity

Despite its relatively modest performance and a rather high complexity in fabrication
and simulation, the snap-on button shorting method presents a distinct advantage of
modularity compared to the other modalities. Indeed, the antenna resonant patch or
location of shorts can be interchangeable by simply unfastening/fastening snap-on
buttons. This advantage has been used to design a modular antenna as investigated
in [37].
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3.2.6 Summary on the shorting strategies

Four different practical shorting strategies for flexible wearable antennas have been
investigated and compared. Using those shorting methods, twelve antennas including
four full-edge shorted PIFAs, four post-shorted PIFAs and four planar shorted-patch-
based monopolar antennas have been designed, fabricated and measured. The choices
of shorting method depend on the designer purposes and priorities. Folded strips of
silver fabric provide the overall best antenna performance. Shorting eyelets are the eas-
iest method of fabrication with high level of accuracy. Embroidered vias enhance the
compactness and robustness of the flexible wearable antenna and are also suitable for
mass production. Shorting by snap-on buttons offer interchangeability to the antenna
resonant patch. It has been demonstrated that the four considered shorting methods
are applicable with their strengths and weaknesses to different utilizations in textile

antenna technology.

3.3 Wearable modular textile antenna using snap-on but-

tons

As analyzed in Section despite the complexity in simulation and fabrication, the
shorting method using snap-on buttons exhibits a distinct strength of interchangeabil-
ity which is not available in other shorting techniques. Based on this advantageous
feature, snap-on button connections can be utilized as manual detachable mechanical

and RF connection to modularly change antenna radiation characteristics.

A dual-band wearable textile patch antenna with modular pattern interchangeability
is proposed in this section. The antenna simultaneously covers the 2.45 and 5.8 GHz
ISM radio bands. By utilizing detachable shorting connections made of metalic snap-
on buttons, the proposed antenna can be set up to operate either with broadside or
omnidirectional radiation patterns at 2.45 GHz, while the radiation characteristics at
5.8 GHz remain unchanged. The proposed modular antenna is fabricated and mea-

sured to validate the concept.
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3.3.1 Introduction

Depending on the types of WBANSs, the wearable antennas need to have appropri-
ate radiation characteristics to establish efficient wireless communication channels be-
tween devices. In particular, for on-body communication channels between body-
mounted devices, omnidirectional patterns [142] are preferred. By contrast, broadside
radiation patterns [143] are advantageous for off-body communications between body-
worn devices and base stations. Aiming to develop versatile systems, it is desirable to
investigate wearable textile antennas that can be modularly configured to operate with

either ominidirectional or broadside patterns at a fixed resonance frequency.

A pattern-reconfigurable antenna with ability to switch between on-body and off-body
modes at 2.45 GHz was presented in [144]. However, this antenna was realized on rigid
material which may cause discomfort to wearers. A wearable textile antenna with
a similar functionality was proposed in [104]. Nevertheless, there was no practical

switching method proposed in the design.

In this section, a dual-band wearable textile antenna with radiation pattern modularity
for on-body and off-body communications is presented. The antenna is able to simul-
taneously operate in the 2.45 and 5.8 GHz ISM radio bands. By utilizing a snap-on but-
ton shorting method working as a manually detachable RF connection as mentioned
in Section 3.2} the antenna can be configured to operate in monopole-like or broadside
patterns at 2.45 GHz, while the radiation pattern at 5.8 GHz remains unchanged. The
proposed antenna has been fabricated and experimentally characterized to validate the

operation concept.

3.3.2 Antenna design

The proposed antenna configuration is shown in Fig. [3.23| with all the antenna dimen-
sions given in the caption. The antenna is constructed by three layers of foam sub-
strates, a stepped proximity-coupled feed, a circular patch and a ground plane. The
snap-on button shortings are created using a pair of female buttons at their ends and
an inter-layer connection consisting of a pair of back-to-back male snap-on buttons.
Three such shortings are placed on the patch circumference with 120° angular sepa-
ration (Fig. [3.23). To enhance RF connections between the shortings and the ground

plane, the bottom female buttons are permanently sewed onto the ground plane using
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conductive threads. Holes are trimmed on the bottom and middle substrates to accom-
modate the bottom female buttons and male-to-male buttons, respectively. Three small
circular holes with a radius of 0.8 mm (size of male button pin) are cut on the top sub-
strate leaving space to accommodate the pins of male buttons. Three holes on the top
circular patch are designed to be noticeably bigger than the pin of male snap-on button
to ensure that the radiation patch does not connect with the back-to-back male snap-
on buttons connection while the top female snap-on buttons are detached. A stepped
proximity-coupled feed with optimized dimensions is used to excite the higher-order

mode at 5.8 GHz, as discussed in Section|3.2.2

Back-to-back male | @K ) w1 | L@
snap-on button ~! : ! PR
connection \ | - © Bottom
Top h . R Middle substrate
female = | substrate
button L4l, Top @ L @
o) substrate | w3 S E] o /‘
#L3 Ly
\ () ! 37
° |} Stepped ' ‘\ I?:rggllz
3 proximity-coupled SMA button
7 feed connector

Figure 3.23. Configuration of wearable modular textile antenna. Configuration of the proposed
antenna. Dimensions (mm): L; = 60.0, L, = 26.3, L3 = 3.7, Ly = 6.3, W; = 60.0, W, = 7.5,
W3 =9.0,h=16 R=274andd = 3.0.

Thanks to the interchangeability of the snap-on fasteners, the button connections can
be used as manual RF switches. The ground plane and the radiation patch are con-
nected when the top female buttons are attached to the male-to-male connection (switch
ON). In contrast, the connection is OFF with the detachment of the top female buttons
(switch OFF). The simulated instantaneous electric field distribution of the proposed
antenna in the ON and OFF states is illustrated in Fig. In the ON state, three radi-
ation apertures are created between the snap-on button shortings from the patch to the
ground, which leads to a monople mode at 2.45 GHz (Fig. (a)). In the OFF state,
the antenna is working in a half-wave resonant patch mode because the radiation patch

is not contacted to the ground plane (Fig. (c)). It is worth mentioning that, since
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the higher-order mode at 5.8 GHz is realized by manipulating the input impedance
through optimization of the feed dimension, it is independent to the switching state of
the radiation modes at the lower band. This is confirmed by the stable E-field distribu-
tion of the higher-order mode observed at both states in Fig. (b), (d).

0 V/m Max

(a) (b) ©) (d)

Figure 3.24. Electric field distributions of the modular antenna. Instantaneous electric field

distributions of the proposed antenna at (a, b) ON state and (c, d) OFF state.

3.3.3 Experimental results

The proposed antenna has been fabricated (insets of Fig. and experimentally char-
acterized to validate the modular operation concept. A highly flexible, light weight
and low-loss (tand = 0.0001) PF-4 foam with relative permittivity of &, = 1.06 is uti-
lized as antenna substrates. The ground plane, the patch and the stepped proximity-
coupled feed are made of a conductive metallized fabric (with a sheet resistance of ap-
proximately 0.01 (2/square). Antenna conductive and non-conductive parts are glued
together using a washable fabric glue while the SMA connector is connected to the

microstrip feed and ground plane using conductive epoxy.

A good agreement between the simulated and measured |S11| parameters for different
radiation states is observed in Fig. The two targeted ISM bandwidths of 2.4 — 2.5
and 5.725 — 5.875 GHz are completely covered at both radiation states. The simulated
and measured radiation patterns of the proposed antenna at the specified frequencies
for ON and OFF states are displayed in Fig. (a) and (b), respectively. When the

snap-on button connection is ON, an omnidirectional radiation pattern with vertical
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polarization at 2.45 GHz can be observed in Fig. (a). At the OFF state, the half-
wave patch mode with broadside radiation at 2.45 GHz is illustrated in Fig. (b). A
conical monopole pattern with a tilt angle of 60° remains stable at both ON and OFF
states at 5.8 GHz.
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Figure 3.25. Reflection coefficents of the modular textile antenna. Simulated (dash lines) and
measured (solid lines) reflection coefficients of the proposed antenna at (a) ON state and (b) OFF
state. The targeted ISM bands are represented as green areas. Insets: Fabricated antenna working

at ON and OFF states.

The measured antenna realized gain for the monopole mode is 0.75 dBi while at the
half-wave patch mode, the realized gain is 7.56 dBi. At 5.8 GHz, the measured an-
tenna realized gain remains at approximately 7.20 dBi for the two radiation states.
Estimated radiation efficiencies of the antennas at the monopole mode and the half-
wave patch mode are 70.8% and 95.8%, respectively. The actual radiation efficiency

estimated based on the measured gain at 5.8 GHz is 96.2%.

3.3.4 Summary on the pattern-interchangeable antenna

A dual-band flexible wearable textile antenna with modular radiation patterns has
been presented. The antenna is designed to work simultaneously at 2.45 and 5.8 GHz
ISM bands. A snap-on button shorting strategy is ultilized to realize a manual RF
switch to connect or disconnect the antenna patch to the ground plane. Consequently,
the proposed antenna can be exchanged between omnidirectional and broadside pat-

terns at 2.45 GHz while the 5.8 GHz mode remain unchanged.
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xz-plane xy-plane xz-plane yz-plane
2.45 GHz

Figure 3.26. Radiation patterns of the modular textile antenna. Simulated (dash lines) and
measured (solid lines) radiation patterns of the proposed antennas at (a) ON state and (b) OFF

state.

3.4 Conclusion

In the first part of this chapter, four shorting methods for flexible wearable textile an-
tennas including embroidered vias, folded strips of metalized fabric, eyelets and snap-
on buttons have been analyzed and compared. Twelve wearable textile antennas in-
cluding eight PIFAs and four monopolar patch antenna with edge shortings aiming
to simultaneously cover the 2.45 and 5.8 GHz ISM radio bands have been designed,
fabricated and experimentally characterized. All the fabricated antennas have been
shown to exhibit good performance in flat conditions and practically acceptable |S11]|
in extreme bending test conditions. The selection of appropriate shorting method de-
pends on prioritized features of antenna designs. The best antenna performance can be
achieved by using folded strips of metalized fabric. Shorting eyelets are recommended
for antenna designs that require a convenient simulation process and a high level of
fabrication accuracy. In extremely harsh operation environment, where the compact-

ness and robustness of the wearable antenna are highly prioritized, the embroidered
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vias shorting method is the most appropriate candidate. Despite the complicated sim-
ulation and fabrication process, shorting by snap-on buttons exhibits the advantage for

modular designs, where antenna parts can be interchanged for various functionalities.

The second part of the chapter has proposed a wearable modular textile antenna re-
lying on the mentioned interchangeability of snap-on buttons. Using this advanta-
geous feature of snap-on fasteners, the proposed antenna can be set-up for operation
in monopole-like or broadside radiation at 2.45 GHz. The radiation characteristics in
the higher band at 5.8 GHz remain unchanged since they mainly depend on the an-

tenna feed dimensions.

Page 76



Chapte

Reconfiguration Modules
for Reconfigurable
Wearable Antennas

HE utilization of reconfiguration modules has been demonstrated
to be an effective strategy to design reconfigurable flexible body-
worn antennas. This method using metallic snap-on buttons can
provide excellent mechanical and RF connections between lumped compo-

nents and antenna textiles, which translates in high antenna performance.

This chapter will firstly propose a novel topology of reconfiguration mod-
ule, which can be used in planar reconfigurable wearable antenna designs.
The proposed module can provide a secure and robust coplanar electri-
cal connection between rigid electronics and flexible textile conductors in
a coplanar arrangement. The feasibility of the proposed module for wear-
able reconfigurable antenna designs is investigated by realistic simulations,
as building block for future designs implemented in later chapters. The
second part of this chapter presents the utilization of RF-switch ICs and

PIN-diodes in reconfigurable wearable textile antennas.
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4.1 Introduction

As discussed in Chapter 2, there have been mainly two methods reported to date
to overcome the challenge of robust electronics-to-textile RF connections in practi-
cally realizable reconfigurable body-worn antennas [28,29]. One used PDMS to cover
the whole textile antenna including the lumped elements to achieve robust connec-
tions [29], as shown in Fig. (a). A different solution to this problem is illustrated
in Fig. (b) and it makes use of a so-called reconfiguration module as proposed
in [28]]. This module concept contains a dedicated circuitry for reconfiguration, which
is sandwiched between a pair of back-to-back commercial snap-on buttons for vertical
textile-to-electronics connections. However, this module configuration was limited for

connections in-between two parallel conductive planes.

@ © 2018 IEEE () © 2018 IEEE

Figure 4.1. Reported reconfigurable wearable antennas. Reported reconfigurable wearable an-
tennas based on (a) Polymer-embedded conductive fabric, adopted from [29] and (b) reconfiguration

module, reproduced from [28].

In this context, this chapter initially presents a different reconfiguration concept in-
spired from [28], in an alternative module configuration tailored for coplanar electronic-
to-textile connections. A reconfigurable antenna utilizing a purpose-made reconfigu-
ration module is designed and simulated to investigate the approach. The simulation
results suggest that this is a promising implementation of the reconfiguration mod-
ule concept, which will be experimentally validated with various designs in the later

chapters.

The second part of this chapter demonstrates an utilization of RF-switches and PIN-
diode in reconfigurable wearable antenna designs. In order to test these components,
a simple reconfigurable wearable microstrip antenna is designed, fabricated and ex-

perimentally characterized. It is demonstrated that, the RF-switch IC provides a better
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antenna performance than the PIN diode at the cost of more complicated design and

manufacturing processes.

4.2 Coplanar reconfiguration module

A reconfiguration module based on a small printed circuit board (PCB) and commer-
cial snap-on buttons for reconfigurable flexible textile antennas is proposed in this sec-
tion. The concept consists of a small PCB loaded with a reconfigurable circuitry includ-
ing active and lumped components, which is combined with a pair of commercial male
snap-on buttons for electrical connection to conductive textiles. The reconfiguration
module can provide a secure and robust coplanar electrical connection between rigid
electronics and flexible textile conductors, which is usually challenging for textile an-
tennas. To validate this module concept, a frequency-reconfigurable planar inverted-F
antenna using a varactor-based module realization is designed and simulated with re-
alistic parameters. The antenna exhibits a frequency tuning range of 24.9% from 2.14
to 2.75 GHz with simulated efficiency from 60.1% to 89.4%. The results presented in

this section have been presented as a conference contribution in [43]].

4.2.1 Reconfiguration module design

The proposed coplanar reconfiguration module is compared to the vertical one intro-
duced in [28] in Fig. As observed in Fig. (a), the vertical module has a compact
bias circuitry integrated in-between a pair of back-to-back snap-on buttons, which is
perfectly suited for vertical connection between two parallel conductors. In contrast,
the proposed module with the same functionality has its snap-on buttons now placed

in the same plane as the PCB for coplanar connections, as shown in Fig. 4.2} (b).

The proposed reconfigurable module schematic is illustrated in Fig. (a). The unit
consists of two varactors (MA120H46) connected in parallel between two buttons and
a bias circuit containing an RF-choke inductor L = 360 nH and a RF-block resistor
R =1 MQ. Itis noted that the DC-blocking capacitor is not required due to the float-
ing potential of the patch. The MA120H46 varactor equivalent circuit is shown in
Fig. (b), where L, = 100 nH and R, = 2 () are the internal inductance and resis-
tance respectively. The tuning range for the varactor capacitance C, is between 0.15
and 1.3 pF corresponding to the bias voltage varying between 18 and 0 V [28]. The
equivalent circuit of the whole module is illustated in Fig. (0).
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Figure 4.2. Reconfiguration modules. Reconfiguration modules: (a) vertical module reported
in and (b) the proposed coplanar module.

The reconfiguration module layout is illustrated in Fig. To utilize the PCB space
effectively, the RF-choke inductor is placed perpendicularly to the RF-blocking resistor.
Two varactors are placed in parallel with their cathodes joined together and connected
to a bias voltage through the resistor and the inductor. The PCB is made in Rogers
RT /Duroid 6006 with a thickness of 0.64 mm. Two male snap-on buttons are soldered
to the PCB.
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Figure 4.3. The proposed reconfigurable module schematic. (a) Schematic of the proposed
reconfigurable module, (b) equivalent circuit of a single varactor and (c) equivalent circuit of two

parallel varactors.
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Figure 4.4. Module layout. The proposed reconfiguration module layout showing the placement

of the lumped components.

4.2.2 Antenna design

To validate the proposed coplanar reconfiguration module, a planar inverted-F an-
tenna (PIFA) similar to the one implemented in is designed and simulated. The
antenna configuration is shown and compared with the one in in Fig. while
their dimensions are listed in Table For convenience, the antenna proposed in this
paper is referred as Ant. I whereas the one in is Ant. II. The two antennas have

a similar general structure including a ground plane, two substrate layers, a radiation
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patch and a microstrip proximity-coupled feed. The vertical reconfiguration module
is used as the connection between the ground plane and the radiation patch in Ant. II
to form the PIFA whilst Ant. I uses a folded strip of fabric for the same purpose. This

folded strip of metallized fabric provides a nearly perfect electrical connection to the

ground plane [128].
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Figure 4.5. Antenna configuration. Antenna configuration: (a) the PIFA (Ant. [) using the
proposed coplanar reconfiguration module and (b) the one reported in (Ant. 1I).

Both antennas use highly flexible Cumming Microwave C-foam PF-4 foam with a
thickness of 1.6 mm, relative permittivity ¢, = 1.06 and loss tangent tané = 0.0001
as the substrate. A silver-coated nylon RIPSTOP fabric with a sheet resistance of
0.01 Q)/square is selected as the conductor for the ground plane, radiation patches
and proximity-coupled feed. Both antennas are optimized to operate at 2.45 GHz with

a bias voltage of 2.5 V. This is for the sake of attaining a maximum tuning range when
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Table 4.1. Dimensions of antennas.

modules (in mm)

Dimensions of antennas using the vertical and coplanar

Parameters L4 Lo L3 Ly Ls h
Values (Ant. I/Ant. 1) | 50/60 | 15.2/20 | 23/25.5 | 18.4/18.5 | 8.9/6 | 3.2/3.2
Parameters Wi W, W3 Wy Ws S
Values (Ant. I/Ant. Il) | 50/55 | 20/20 | 15/17.5| 7.5/7.5 6/6 | 5.7/4.3

a 5 V voltage source is used, taking into account that the available power source in a

wearable system is limited.

4.2.3 Simulation results

The simulated reflection coefficients for both antennas are compared in Fig. The

proposed PIFA antenna can achieve a frequency tuning range of approximately 24.9%
from 2.14 to 2.75 GHz, which is slightly lower than the reported value of 32.8% from
2.1 to 2.92 GHz attained with the vertical module [28]. In other words, the frequency

tuning range of Ant. Iis smaller than the one of Ant. II. However, this can be optimized

by adding more varactors to the decicated circuitry unit and/or by increasing the

gap between the two male snap-on buttons. This will be investigated in the future to

optimize the design for experimental validation.

' —
— Ant. I
— Ant. Il
_25 I I I T
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Frequency (GHz)

Figure 4.6. Reflection coefficients for both antennas. Comparison of the simulated reflection

coefficients for both antennas.
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Table 4.2. Radiation performance summary. Antenna gain and efficiency for both antennas

Resonance Ant. | Resonance Ant. 1l
frequency frequency
Gain (dBi) | Efficiency (%) Gain (dBi) | Efficiency (%)
(GHz) (GHz)
2.14 1.9 60.1 2.10 0.7 43.8
2.45 3.6 79.6 2.45 2.7 65.3
2.59 4.0 85.5 2.67 3.9 73.2
2.75 4.3 89.4 2.92 5.1 75.0

The simulated maximum gain and efficiency of the two antennas at 4 different reso-
nance frequencies within the tuning range are shown in Table The proposed mod-
ule is predicted to yield better antenna efficiency from 60.1% to 89.4% in comparison
with the reported values for Ant. II, which ranged from 43.8% to 75%. Ant. I has larger
gain and higher efficiency than Ant. II because the coplanar reconfiguration module is
less compact and thus the electromagnetic fields are less confined than in the vertical
one. This reduces the power losses caused by the reconfiguration module materials in
Ant. I compared to Ant. II.

4.2.4 Summary on the coplanar reconfiguration module

This first part of this chapter proposed a reconfiguration module based on a small PCB
and snap-on buttons. The proposed concept provides a stable and repeatable electrical
connection between rigid electronics and flexible textile conductors in a coplanar ar-
rangement. This configuration facilitates alternative design possibilities compared to a
previously reported module in [28] which permitted vertical connections. To illustrate
the concept, a frequency-reconfigurable PIFA has been designed and simulated. The
antenna is predicted to have a frequency tuning range of approximately 24.9% while
its radiation efficiency varies from 60.1% to 89.4%. These simulated results suggest
that the proposed module is a promising coplanar connection solution for wearable

and flexible reconfigurable antennas.
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Chapter 4 Reconfiguration Modules for Reconfigurable Wearable Antennas

4.3 Reconfiguration modules with RF-switch ICs and PIN-

diodes

There have been numerous reconfigurable microstrip antennas reported in the litera-
ture, aiming to extend the antenna versatility and functionalities. To design reconfig-
urable antennas, two main categories of active components have been utilized in terms
of tuning modality, namely continuously tuning and discretely switching components.
On the one hand, varactor diodes have been widely used as tuning components to
design frequency-agile antennas [20,94,103,]145]. On the other hand, PIN diodes are
the most frequently used switching components to design pattern- or polarization-
reconfigurable antennas [27,/101,146,[147]. For reconfigurable wearable textile anten-
nas, most of the designs to date are based on varactors [28,29] and a very limited

number use switching components [30].

In this section, the utilization of RF-switch Integrated Circuits (ICs) and PIN diodes
to design reconfigurable wearable textile antennas is presented. Two reconfigurable
modules, based on either of these two components, are designed for a frequency-
reconfigurable wearable microstrip antenna, aiming to compare the impact of these

components on antenna performance.

4.3.1 Reconfiguration modules

This section discusses methods used to integrate the RF switch IC and PIN diode into
wearable flexible textile antennas with robust connections between components and

flexible conductors.

Component characteristics

A PIN diode MA4FC300 from MACOM Technology Solution is used in this study. This
type of PIN diode has been utilized in reconfigurable antenna designs [148]. The PIN
diode has a forward resistance of 3 () in the ON state and a capacitance of 0.04 pF in

parallel with a resistance of approximately 20 k() in the OFF state [149].

As alternative switch, a pHEMT GaAs IC antenna switch SKY13446-374LF from Sky-
works is selected. This RF-switch IC allows switching between the input port and two
output ports (or SPDT: Single Pole Double Throw) with two control voltages as low

as 1.8 V. To investigate an equivalent circuit and fabrication processes of the RF-switch
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4.3.1 Reconfiguration modules

IC, an evaluation board has been designed and fabricated. Three SMA connectors have
been connected to the three ports of the RF-switch using microstrip lines, as illustrated
in the inset of Fig. 4.7 The IC switch is grounded at its back, therefore a small hole
is drilled on the board at the IC position to connect the back of the IC to the ground
plane of the board. By matching the simulation and measurement results (as shown
in Fig. @, it is estimated that, in the OFF state the RF-switch IC is equivalent to a
parallel circuit of a capacitance 0.01 pF and a resistance of 20 k(). For the ON state, the

RF-switch represents a resistance of 0.3 ().
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Figure 4.7. S-parameters of the RF-switch IC. Simulated and measured S-parameters of the

RF-switch IC on an evaluation board. Inset: fabricated evaluation board.

Reconfiguration module design

An effective strategy to integrate active components such as diodes to flexible textile
antennas is the utilization of reconfiguration modules, as demonstrated in the previous
Section[d.2l For demonstration, the vertical reconfiguration module proposed in is
selected to load the PIN diode and the RF-switch IC. This reconfiguration module con-
sists of two back-to-back male metallic snap-on buttons, with a small circular printed
circuit board (PCB) and a spacer ring in between. Schematics of the reconfiguration
modules using PIN diode and RF-switch IC are displayed in Fig. (a) and (b), re-
spectively. The module using the PIN diode requires one DC control wire, while two
DC wires are necessary to control the RF-switch IC. In this study, only one output of

the IC is required.

The 3-D exploded views of the reconfiguration module using the PIN diode and the
RF-switch IC are depicted in Fig. (c) and (d), respectively. It is noticeable that, the
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Chapter 4 Reconfiguration Modules for Reconfigurable Wearable Antennas

module using the PIN diode has similar structure but with a different PCB layout. The
PCB and the ring are made of Roger RT/Duroid 6006 with 0.635 mm thickness. Small

holes are drilled through the ring to accommodate the required DC wires.
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Figure 4.8. Schematics of the reconfiguration modules. Schematics of the reconfiguration
modules using (a) PIN diode and (b) RF-switch IC. 3-D exploded views of the reconfiguration
modules utilizing (c) PIN diode and (d) RF-switch IC.
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4.3.2 Antenna design

The PCB layouts with dimensions and the fabricated PCB boards with lumped com-
ponents assembled are illustrated in Fig. 4.9 for the modules with PIN diode and RF-
switch IC. The ring and PCB board are glued together before soldering to the two male
buttons to complete the reconfiguration module. The two assembled reconfiguration
module using PIN diode and RF-switch IC are also shown in Fig.

: (a)
0.75

(b)

Figure 4.9. Reconfiguration module prototypes. PCB layout with dimensions (mm), zoomed-in
reconfiguration module prototypes with lumped components soldered, and assembled reconfiguration

modules for (a) PIN diode and (b) RF-switch IC.

4.3.2 Antenna design

To test the reconfiguration modules, a resonant patch antenna structure is selected, as
shown in Fig. with dimensions detailed in the caption. The antenna includes 2
layers of foam substrate, a full ground plane, a microstrip feed and a square patch
with two reconfiguration modules. Holes are trimmed in the two substrate layers to

accommodate the reconfiguration modules.

In the ON state of the switching components, they directly connect one side of the

patch to the ground plane, thus the antennas work in a quarter-wave resonant mode
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Chapter 4 Reconfiguration Modules for Reconfigurable Wearable Antennas

as a planar inverted-F antenna (PIFA). In contrast, the antenna will work at a half-wave
patch mode in the OFF state because there is no connection between the ground plane
and the resonant patch. The instantaneous electric field distributions of the antenna
using the RF-switch ICs in ON and OFF states are illustrated in the insets of Fig.
(a) and (b), respectively. It is worth mentioning that, the E-field distributions of the

antenna using PIN diode are almost similar.

Reconfiguration modules
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Figure 4.10. Configuration of the antenna. Configuration of the antenna used in the experiment.
Dimensions (mm): L; = 50.0, L, = 22.0, L3 = 19.5, W; = 50.0, W, = 22.0, W3 = 18.0, W, = 7.5
and h = 1.6. Inset: Fabricated antenna using RF switch IC.

4.3.3 Measurement results and comparisons

The selected antenna prototypes have been fabricated and experimentally character-
ized to compare the performance of the module designs. Antenna substrates have
been implemented using a flexible, light weight and low-loss PF-4 foam (tand = 0.0001,
g, = 1.06). Conductive parts including the ground plane, the patch and the proximity-
coupled feed are made of a conductive fabric with a sheet resistance of approximately
0.01 ©/square. The fabricated antenna using the RF-switch ICs (similar to the antenna
using PIN diode) is shown in the inset of Fig.

A good agreement between the simulated and measured reflection coefficients of the
antennas using PIN diode and RF-switch IC in ON state and OFF state is observed
in Fig. For convenience, the antenna using PIN diode and the antenna using
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4.3.3 Measurement results and comparisons

RF-switch IC are called Ant_PIN and Ant_IC, respectively. It can be seen that, the
resonance frequency in the ON state of Ant_IC is slightly lower than Ant_PIN. This
is because the wire used to connect the PCB with the top male button in the module
using PIN diode is closer to the microstrip feed than the module using RF-switch IC.
By contrast, in the OFF state, since the RF-switch IC provides better isolation than the
PIN diode, the resonance frequency of Ant_IC is higher than Ant_PIN.
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Figure 4.11. Simulated and measured reflection coefficients. Simulated and measured reflection
coefficients of antennas using PIN diode and RF-switch IC in (a) ON state and (b) OFF state. Inset:

Instantaneous electric field distributions of the antenna using RF-switch IC in ON and OFF states.

The simulated and measured realized gain patterns of Ant_PIN and Ant_IC in the ON
and OFF states are shown in Fig. where a good agreement can be observed. The
small discrepancy can be explained by the imperfection of fabrication and measure-
ment processes. In the ON state, since the forward resistance of the RF-switch is no-
ticeably lower than the one in PIN-diode, the realized gain of Ant_IC is significantly
higher than Ant_PIN (—1.3 dBi for Ant_IC and —5.9 dBi for Ant_PIN). In the OFF state,

where both antennas operate as half-wave patch mode, the realized gain of Ant_PIN
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Chapter 4 Reconfiguration Modules for Reconfigurable Wearable Antennas

and Ant_IC are slightly different (4.9 dBi of Ant_PIN and 5.8 dBi of Ant_IC). The esti-
mated efficiencies of Ant_PIN and Ant_IC in the ON state are 15.6 % and 48.3 %. In
the OFF state, the predicted efficiency of Ant_PIN and Ant_IC are 65.4 % and 74.7 %,

respectively.

PIN Diode RF-Switch PIN Diode RF-Switch

ON State
315° 45° 315°

Figure 4.12. Simulated and measured radiation patterns. Simulated and measured realized
gain patterns of Ant_PIN and Ant_IC in (a) ON state and (b) OFF state.

The reconfiguration modules using RF-switch IC or PIN diode exhibit different ad-
vantages and weakness in term of design, fabrication and antenna performance. First
of all, the design and fabrication processes of the reconfiguration module with PIN
diode are much simpler than those for the module with RF-switch IC. Only a single
DC wire is required to control the working states of the module with PIN diode. By
contrast, the module using RF-switch IC needs two DC control wires. In the present
study, only one RF-switch output is used, however, both outputs could be exploited
to expand the antenna functionality. The RF-switch IC provides a better isolation be-
tween the two module terminals in the OFF state and a significant lower insertion loss
in the ON state. These merits result in a noticeably better antenna performance while
using the RF-switch IC module, especially in the ON state. Furthermore, according to

the datasheet of the switching components, the RF-switch IC can be used for an input
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power up to +35 dBm (3.2 W). In contrast, the operation the PIN diode is limited to an
input power of 150 mW.

4.3.4 Summary on the use of RF-switch ICs and PIN diodes

The use of RF-switch ICs and PIN diodes to obtain reconfigurability for wearable tex-
tile antennas, in the form of reconfiguration modules, has been demonstrated and com-
pared. The equivalent circuit and critical fabrication process for the RF-switch IC have
been investigated through an evaluation board. It is found that, although the integra-
tion of the RF-switch IC is more complicated than that of the PIN diode, it provides a
significantly better antenna performance, due to the higher input-to-output isolation

in OFF state and the lower insertion loss in ON state.

4.4 Conclusion

In this section, two topologies of reconfiguration modules have been presented, show-
ing their potential for realization of reconfigurable wearable textile antennas. The first
part of the section has introduced a novel reconfiguration module aiming to realize
robust coplanar connection between electronics and textile antenna conductors. The
concept consists of a small PCB loaded with a reconfigurable circuitry including active
and lumped components, which is combined with a pair of commercial male snap-
on buttons for electrical connection to conductive textiles. To validate this module
concept, a frequency-reconfigurable planar inverted-F antenna using a varactor-based

module has been designed and simulated.

The utilization of switching components including RF-switch Integrated Circuit (IC)
and PIN diodes in reconfigurable wearable textile antennas has been presented in the
second part of the chapter. An equivalent circuit and fabrication processes of the RF-
switch IC have been established through an evaluation board. It is demonstrated that,
the RF-switch IC provides a significantly better antenna performance than the PIN

diode at the cost of more complicated design and manufacturing processes.
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Chapte

Frequency-Reconfigurable
Wearable Textile Antennas

ASED on the shorting techniques, snap-on connections and
tuning components for reconfigurable wearable antennas dis-
cussed in previous chapters, two wearable textile antennas with

frequency-reconfigurability are proposed in this chapter. The frequency

agility of these two antennas is realized by adding a coplanar reconfigu-
ration module to a planar inverted-F antenna constructed in textile technol-
ogy.

A frequency-reconfigurable wearable textile antenna with a tuning range of
approximately 70% is firstly proposed in this chapter. An one octave tuning
range is achieved by exploiting a continuous transition between a quarter-
wave and a half-wave radiation modes. The antenna is designed, fabricated
and measured to validate the operation concept. An extended version of
this antenna with dual-band frequency-reconfigurable characteristic is then
presented. In the last part of this chapter, losses in frequency-reconfigurable
wearable antenna in relation with input powers will be visualized by using

advanced thermal imagery.
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5.1 Introduction

As mentioned in Chapter |2, there have been a wide range of passive flexible wearable
antennas developed [7,10,61,(127,143], aiming to cope with a harsh dynamic operating
environment and with deformations occurring in on-body conditions such as bend-
ing or crumpling. Besides the mechanical flexibility, an agility of radiation property
is desirable for adapting to frequent changes in wearing operating conditions and for
multiple wearable systems. To this target, reconfigurable antennas have been devel-
oped to improve antenna functionality [150,151]. In recent years, a significant number
of planar reconfigurable antennas based on active components such as PIN diodes and
varactors has been reported in the literature [24,98,[103]. These antennas were mostly
implemented on rigid substrates and offered a reconfigurable capability in resonance
frequency [15]95]152], radiation patterns [19,99,153|] and polarization [146|154}155]. In
contrast, due to the challenge in realizing electrically and mechanically strong connec-
tions between rigid electronic components and flexible textile conductors, the number

of practical reconfigurable textile antennas has been limited [28,29].

In term of frequency agility, a wider frequency tuning range would be beneficial to
compensate the variation of on-body operating conditions and environment, as well as
to cover diverse communication standards [150]. Frequency-reconfigurable antennas
with a wide fractional frequency tuning range above 50% have been reported in the
literature [15}(156-158]. However, several of these antennas employed slots in their
ground plane, which made them unsuitable for wearable applications. This is due to
the compromised isolation from the body and bidirectional radiation patterns. Other
frequency-reconfigurable antennas with full ground plane and directional radiation
patterns were reported with wide frequency tunability range up to 50% [95,96,(147,159,
160]. Nevertheless, these antennas were on rigid substrates and thus not flexible and
lightweight. There have been some practical frequency reconfigurable flexible textile
antennas reported in literature [28,29]. However their frequency tuning ranges are
still limited at approximately 15.2% [29] and 32.8% [28]. While appreciable, it would

be desirable to extend the tuning range in the perspective of wearable applications.

In the first part of this chapter, a reconfigurable wearable textile antenna with a very
wide frequency tuning range reaching nearly 70% is designed, fabricated and exper-
imentally validated. The very wide one-octave frequency tuning range is achieved

by combining an antenna structure and a coplanar reconfiguration module concept
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as introduced in Chapter @ The coplanar module is optimized electrically, to maxi-
mize its frequency tuning range, and physically, to be practical for wearable applica-
tions. The operation principle is based on exploiting a continuous transition between a
quarter-wave and a half-wave mode, which leads to the wide frequency tuning range.
Although the method of combining different modes has been used in reconfigurable
antenna designs [24,28,156[157]], they are fundamentally different from our design. For
instance, previous approaches usually used PIN diodes to switch between different ra-
diation modes which leads to discrete reconfigurability [24,156]. In other previous
implementations based on varactors, the two radiation modes were either simultane-
ously [28] or separately [157] excited in the proposed designs to achieve a dual-band
frequency reconfigurability. By contrast, it is believed that this is the first frequency re-
configurable antenna with a full ground plane that can utilize the continuous transition

between two radiation modes to realize an octave frequency tuning range.

In the second part of this chapter, a dual-band frequency-reconfigurable wearable an-
tenna is proposed, as dual-band extension of the frequency-reconfigurable antenna
presented in the first part. Utilizing the flexible coplanar reconfiguration module as
the antenna presented in the first part, the PIFA structure now is optimized aiming to
to simultaneously cover the 2.45 and 5.8 GHz ISM radio bands. The antenna achieves
wide frequency tuning ranges of 48.6% and 18.3% in the 2.45 and 5.8 GHz ISM bands,
respectively. The proposed antenna is then fabricated and measured to validate the

concept.

The thermal behavior of the proposed frequency-reconfigurable wearable antenna is
investigated through infrared thermography in the third part of the chapter. The re-
lationship between the temperature of the textile antenna and the input power is ex-
perimentally considered to identify the antenna hot spots. It is found that, the high-
est temperature point is mainly at the tuning component location, which is consistent
with the loss predictions from electromagnetic simulation tools. A clear correlation is
confirmed between the radiation efficiency and temperature of the varactors used as
tuning elements. It is also observed that tuning frequency remains stable despite the
antenna input power variations within the range from 21 to 521 mW. The presented
preliminary results demonstrate the use of infrared thermography as a valuable tool
for characterization of thermal safety margins of wearable devices and for imaging of

losses in reconfigurable antenna technology.
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5.2 A frequency-reconfigurable wearable textile antenna

with one octave tuning range

A reconfigurable wearable textile antenna with wide frequency tuning range is demon-
strated. The frequency agility is realized by adding a coplanar reconfiguration module
(as introduced in Section to a planar inverted-F antenna (PIFA) constructed in tex-
tile technology. The reconfiguration module consists of a small flexible printed circuit
board (PCB) which integrates a tuning circuitry with commercial snap-on buttons as
electronic-to-textile connectors. Using this module equipped with a varactor diode, the
frequency reconfigurability of the PIFA is investigated and optimized parametrically
for maximum tuning range, exploiting a smooth transition from a quarter-wave to a
half-wave patch resonant mode. A fabricated prototype demonstrates a very wide tun-
ing range of approximately 70% (or one octave) with stable directive radiation charac-
teristics, as predicted by simulations. The robust performance and mechanical stability
of the reconfigurable antenna in various on-body and bending configurations validates
the viability of the antenna tuning concept and the practicality of the proposed copla-
nar reconfiguration module. The results presented in this section have been published
in [44].

5.2.1 Antenna operation principle

This section presents the principle applied to extend the frequency tuning range of a

reconfigurable resonant antenna with a full ground plane.

Most frequency-reconfigurable antennas with full ground planes and broadside radi-
ation patterns utilize electronically controlled components to change the effective an-
tenna dimensions, leading to a change in resonance frequency [28} 29,95, 96,147,159,
160]. By doing so, the reported frequency tuning range among these antennas reached
up to 50% [147]. A reason for this limited range is that these antennas were designed to
work in a single radiation mode throughout the frequency range, including half-wave
patch mode [96], quarter-wave patch mode [28,95], and orthogonal combination of

modes for circular polarization [159}160].

In this study, a smooth transition between two modes of radiation is utilized to ex-
tend the frequency tuning range. Namely, a continuous transition from a single-point

shorted planar inverted-F antenna (PIFA) antenna, a quarter-wave planar PIFA mode
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(TM§0.50)
of tuning, as displayed in Fig.

to a half-wave standard patch mode (TMj,,) is proposed as the principle
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Figure 5.1. Electric field magnitude and current density distribution. Electric field magnitude

in the cavity of the antenna and current density distribution under an ideal resonant patch antenna.
Quarter-wave resonant patch of a PIFA with (a) one shorting post and (b) full shorting wall. (c)

Half-wave resonant patch.

Considering the quarter-wave PIFA modes (TM?

0(0_5)0), the resonance frequency f can

be approximated using the relation [85]:

_ ‘o
f_4(L+W—WS—h)\/§

(5.1)

with the speed of light in free space cy, patch length L, patch width W, shorting wall
width W;, substrate thickness h and substrate relative permittivity ¢,. By placing tun-
able capacitive components at the resonant patch edge, the effective shorting wall
width can be controlled to obtain a variable resonance frequency [28]. Figure 5.1 dis-
plays the electric field and current distribution on the antenna resonant patch for the

cases where the quarter-wave patch is shorted: (i) at one shorting post (Fig..1|(a); and
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(ii) on an entire side of its edge (Fig. (b)). The frequency ratio between these two
PIFA modes is approximately 1:1.6 which corresponds to a 47% fractional bandwidth.

To further increase the continuous frequency tuning ratio, a smooth transition to an ad-
ditional radiation mode is needed. A promising solution is offered if the shorting wall
can be removed, since the antenna radiation mode would consequently be changed to
a standard half-wave patch mode. This resonant mode is shown in Fig. (c), where
the resonance frequency is increased to nearly three times that of the single-point post-
shorted PIFA shown in Fig. (a). Along with the additional radiation mode, the
achievable frequency tuning ratio can be ideally increased up to 1:3.2 and corresponds
to a fractional bandwidth of 100%. However, practical limitations of the tuning mech-
anism and impedance matching are expected to reduce this potential tuning range, as

described in the following Section.

5.2.2 Reconfigurable antenna design

In order to implement a frequency reconfigurability to a wearable textilea antenna, a
coplanar reconfiguration module is utilized. The module proposed in the design is
based on the coplanar reconfiguration module presented in Section 4.2] - Chapter {4
However, some modifications are applied to enhance the practicality of the antenna as
will be discussed in Section

To provide an example application of the module concept with wide frequency tun-
ing range, a textile antenna based on the proposed PIFA structure with two-mode-
transition is adopted as host antenna. The design is simulated using CST Microwave
Studio 2019. The antenna geometry is illustrated in Fig. 5.2 with its dimensions de-
tailed in the caption. The antenna is comprised of a full ground plane, a bottom sub-
strate supporting a microstrip proximity feed, a second substrate supporting a main
resonant patch and a small strip connected to a shorting wall to form the PIFA struc-

ture.

The two stacked antenna substrates are made of a highly flexible, light-weight and
low-loss Cumming Microwave PF-4 foam layers with a thickness of 1.6 mm, a loss tan-
gent tand = 0.0001 and a relative permittivity &, = 1.06. The conductive antenna parts
including the ground plane, the main resonant patch, the small patch, the shorting

wall and the microstrip feed line are made from a silver-coated nylon Rip-stop fabric
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(Shieldex® Nora-RS), which is flexible, biocompatible and highly electrically conduc-
tive with a sheet resistance of approximately 0.01 (3/square. The shorting wall realized

on conductive strips is utilized here, since it was demonstrated to be an efficient short-
ing strategy in Section 3.2}

Side view Top view
Shorting | ] T
wall 4| Wi,

Le

Microstrip L

fe
4 eed
y }L y
I o W2 —d« W3 > I
La
z ! X
L1 v
> hie X - Wi oz
- S-—=S-=S T T T T T T T T T I Decomposition — — =
P e | ______
h o |
1 /%00] | ound p
I I
I | >
I ‘o’ I Bottom substrate
O P e

Top substrate

®,
- C
5

I
|
: OFf > Wit
® |
|
| L3
| Female l .
| el buttons *
Reconfiguration Microstrip
| module » DC wire e foed

Figure 5.2. Structure of the proposed frequency-reconfigurable flexible antenna. Structure
of the proposed frequency-reconfigurable flexible antenna. Dimensions (mm): Ly = 60.0, L, = 26.0,
Ly =240, Ly = 18.7, Ls = 21.0, Ly = 6.0, Ly = 10.2, W; = 50.0, W, = 22.0, W3 = 14.0,
Wy =75 W5 =6.0and h = 3.2.
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5.2.3 Reconfigurable antenna operation

This section presents an analysis of the antenna through an equivalent circuit model
used to understand and demonstrate the operation principle of the wide frequency
tuning range. This section also introduces the frequency tuning circuitry unit of the

reconfiguration module as well as practical considerations.

Equivalent circuit model

The conceptual diagram and the equivalent circuit model of the antenna are shown in
Fig. The antenna can be considered as an in-series connection of a shorting wall,
a short microstrip line, a reconfiguration module and a resonant patch, as shown in
Fig. (a). This builds the foundation of the equivalent circuit model of the whole
antenna, as illustrated in Fig.[5.3| (b). The impedance Z,, of the varactor includes the
varactor capacitance Cy,;, the parasitic inductance Ly, and the internal resistance Ry,
in series, as shown in Fig.[5.3|(c).
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ﬁ Zvar C

Z 0 Z , var

o p0> Pp I—T—‘ 50 ﬂs
Zy—=> R — C Zi=>—— Lyar

b g I
ey — G G Lo
2 T aT Y Ryar
O
(b) (©)

Figure 5.3. Antenna equivalent circuit. (a) Antenna conceptual diagram, (b) equivalent circuit

model of the antenna, and (c) equivalent circuit of the varactor (Zyar).

The edge shorting wall is modeled using an inductance of L;, which can be calculated
following [161] (3" edition - Chapter 3). The small strip connected to the shorting
wall and the antenna resonant patch are represented as two transmission lines. Their

impedance Zs at the varactor position (with the load Ly) and Z,, at the starting point
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of the line (with the load Z;) can be attained using transmission line theory. These
calculations are based on the characteristic impedances Zso, Zyo, the phase constants
Bs, By and the lengths [;, I, of the small strip and the antenna resonant patch, respec-
tively. The capacitance of the gap between the open end of the resonant patch and the
shorting strip is denoted as C,. It can be computed as the gap capacitance between
two microstrip lines as demonstrated in [162]. The capacitances of the gap between the
antenna ground plane and the open end of the resonant patch (denoted as C; and Cp
respectively) as well as the open end of the small strip (denoted as C;) can be calculated
as [163-166]:

C. — Ws \/Eéﬂ ‘353 655

s (5.2)
‘:S4CZSO%
Wp/€sCs18538s5
Cp1 =Cpo = pV/Ess V;p > (5.3)
GsaCZpo3+

where W, and W; are the widths of the resonant patch and the strip to the shorting wall,
h and ¢, are the thickness and the relative permittivity of the antenna substrate and the

parameters &1, ¢p3, $pas Gp5, Gs1, Csa, Csa, Gs5 can be calculated as given in [164)163].

Using transmission line theory, we are able to calculate the input impedance Z; at
the input of the reconfiguration module and the input impedance Z, at the input of
the antenna resonant patch as a function of a hypothetical varactor capacitance Cygy,

yielding

1 1

2= (7] M

ijs) + (Zoar|| jwCg

1
ijpl .

(5.4)

(5.5)

The calculations of Z; can be performed in a thought experiment over several orders
of magnitude of the hypothetical varactor capacitance Cy,, to provide a perspective on
the transition from open (Cysr — 0) to short (Cyar — 0) [96]. The calculated Z; values
are plotted on a Smith chart for a capacitance Cy,r varying from 0.001 to 1000 pE, as
displayed in Fig. (a). As observed in this graph, a nearly open-circuit condition
corresponds to the lowest value of Cy,;, while at the highest value of capacitance the

input impedance of the reconfiguration module Z; = 0.5 +j57 Q).

The antenna resonance frequency can be analyzed by calculating the input impedance

Z, and determining when its imaginary part becomes zero. Figure 5.4 (b) shows the
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5.2.3 Reconfigurable antenna operation

antenna resonance frequency obtained from the equivalent-circuit analysis and CST
full-wave simulation for different values of capacitance of a single (hypothetical) var-
actor from 0.001 to 1000 pE. A good agreement between these two curves is observed in
Fig.|5.4/(b) and when the capacitance is changing from lowest to highest value, the an-
tenna radiating mode is transitioning from a single-point shorted PIFA (D to a quarter-
wave resonant mode (2) and finally to a half-wave resonant mode (3), as illustrated by

the electric field distributions of the antenna.

+1

Resonance frequency (GHz)

o Equivalent circuit model analysis

Full-wave simulation
1 I | 1 1 I | 1

Tl

1.0 == = —
103 102 10! 10° 10!
Capacitance C,,, (pF)

(b)

Figure 5.4. Comparision between equivalent circuit analysis and full-wave simulation. (a)
Calculated input impedance of the reconfiguration module Z; represented in a Smith Chart, and (b)
equivalent circuit model analysis and full-wave simulation of the resonance frequency across different
values of varactor capacitance. Insets: Simulated electric field distributions in the cavity of the

antenna at the lowest, middle and highest resonance frequencies in the ideal tuning range.
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Frequency tuning circuitry unit

In order to design an appropriate frequency tuning circuit, it is initially necessary to
select an appropriate varactor junction capacitance range since this choice is crucial
to maximize the relative frequency tuning range [96]. In this proposed design, the
varactor type MA120H46 is used to realize a continuous frequency agility. As investi-
gated in [95], the measured varactor capacitance ranges from 0.15 to 1.3 pF for a bias
voltage changing from 0 to 18 V. Additionally, the choice of this high-Q varactor is
essential to obtain acceptable antenna efficiency. A wide fractional frequency tuning
range amounting to approximately 70% can be achieved using the proposed tuning
circuit built with the single varactor. This is illustrated in Fig. [5.5| which is a magni-
tied section of the most frequency-sensitive region in Fig. 5.4 (b), where the potential

varactor capacitance values are varied between 0.1 to 5 pF approximately.

5.5

= Patch length =26 mm (proposed design)
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Figure 5.5. Examples from the optimization process. A magnified view of Fig. (b) in the
region of the interested resonance frequency transition, with two examples from the optimization

process under taken to vary the resonance frequency.

From the optimization of the geometry based on the equivalent circuit model, it is
found that the patch width has only a minor influence on the resonance frequency
at both PIFA mode TMS(O'S)

fore, it can be fixed early in the design. In contrast, the resonance frequency range of

o and half-wave standard patch mode TM;, and there-

the antenna can be efficiently controlled by varying the length of the patch: reducing
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5.2.3 Reconfigurable antenna operation

the patch length increases the resonance frequency and vice versa. This is illustrated
in Fig. where two resonance frequency curves obtained from a shorter (16 mm
long) and longer (36 mm long) patch scenarios are compared with the optimized value
(26 mm long). These three cases demonstrate that the antenna tuning range can be
adapted through design to exploit a given varactor capacitance span. As shown in
the highlighted area in Fig. a wide frequency fractional tuning range amounting
to approximately 70% can be achieved while using the chosen varactor. Additionally,
the operating frequency is simultaneously optimized to be at the center of the ISM fre-
quency bands at 2.45 GHz for a bias voltage of 2.5 V. This is based on the available
practical power sources in low-voltage wearable systems with a typical bias voltage

ranging from 0 to 5 V.

DC
bias

@ 15.8
) B Varactor
‘\\\ L6 T mm Resistor
N 1 = [nductor
\1.21 /
| 0.3 o / 28
10.4 Pl \
// \\
10.3 .
- O.2_+_ So
’
(b) L
2.4

Figure 5.6. Schematic and PCB layout of the proposed reconfiguration module. (a) Schematic

and (b) PCB layout with dimensions in mm of the proposed reconfiguration module.

Figure|5.6|(a) shows the schematic of the proposed module designed for the PIFA struc-
ture. The circuit consists of one single MA120H46 varactor, as well as a bias circuit

including an RF-choke inductor L = 400 nH in series with a large resistor R = 1 M().
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A PCB layout with corresponding dimensions is shown in Fig.[5.6| (b). The PCB is de-
signed to accommodate up to 3 varactors to allow the layout to be re-used in different

designs where larger capacitance values may be required.

The electric field distributions at the lowest, middle and highest resonance frequencies
within the tuning range corresponding to three different varactor capacitance values
are shown in Fig.5.7] At the lowest frequency of 1.82 GHz (Cy,r = 1.3 pF), a PIFA mode
is observed, as illustrated in Fig.[5.7](a). A null in the field distribution (represented by
a white dash line) appears at the top of the cavity. This null moves toward the center
of the patch with a decreasing varactor capacitance, as shown in Fig. (b) and (c).
This confirms that the antenna resonant mode is changing from the quarter-wave PIFA
mode to a half-wave patch mode. At the lowest capacitance in the varactor range,
depicted in Fig.[5.7)(c), the electric field distribution approaches a standard half-wave
patch resonant mode (T Mg, ).

e B e e e oy

0 V/m Max
1.82 GHz

e - <>
(a) (b) (c)
Figure 5.7. Simulated electric field distributions of the proposed antenna. Simulated electric
field distributions of the proposed antenna at the resonance obtained for three different varactor
capacitances: (a) the lowest frequency 1.82 GHz, (b) the middle frequency 2.93 GHz, and (c) the
highest frequency 3.79 GHz.

Practical considerations

This section discusses several crucial aspects to enhance the practicality of the pro-
posed antenna. Considering the size of the reconfiguration module with a total length
of 15.8 mm, a rigid printed circuit board (PCB) module would compromise the flexi-

bility of the whole antenna structure. A flexible substrate with a thickness of 0.15 mm,
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relative permittivity e, = 3.1 and loss tangent tané = 0.0079 is therefore used to realize
the module. Figure (a) shows the fabricated flexible reconfiguration module with
components mounted and Fig. 5.8/ (b) displays the module under bending condition.

. Male snap-on
Dedicated button
circuit N4
el
DC wire
7
Male snap-on  *
button

@) (b)

Figure 5.8. Prototype of the proposed coplanar reconfiguration module. Prototype of the
proposed coplanar reconfiguration module with lumped components loaded: (a) general view with

description of the components, and (b) illustration of possible bending.

In order to integrate the flexible textile antenna to garments, the most convenient
method is adding a pocket on clothes to accommodate the antenna [5,48]. This method
allows the re-usability of the antenna as well as the washability of clothes at the cost
of slightly decreasing the antenna performance, since the antenna is working from
within the pocket. Another method is sewing the antenna ground plane onto the in-
ner garment layer and leaving the antenna patch on the outer garment layer [28]. To
achieve the washability of the antenna, instead of making the module water-resistant,
it is safer to make the module detachable. Therefore, a pair of female snap-on buttons
is now integrated into the antenna top substrate instead of the reconfiguration mod-
ule as represented in [43]]. As a consequence of this arrangement, the reconfiguration
module can now be interchanged and easily detached for example while washing the
garment. To provide more protection to the attached lumped components soldered on

the module, a thin layer of PDMS is added on top of the circuitry unit [29].

5.2.4 Experimental results

The proposed antenna as well as the flexible reconfiguration module have been man-
ufactured and measured to validate the proposed reconfiguration concept. The fabri-

cation starts with cutting the PF-4 foam and silver fabric pieces to given dimensions.
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Holes on a top substrate are also required for accommodating the female snap-on but-
tons. All the antenna conductive parts including radiating patches, shorting strip,
ground plane and microstrip feed are cut using a laser milling machine (LPKF: Pro-
tolaser S) for best accuracy. In order to guarantee an excellent connection between the
shorting strip and the ground plane, both parts are realized as one piece of metalized
fabric. The substrates and conductive parts are glued together using a washable fabric
glue (Tiger Grip from Helmar). An SMA connector is mechanically and electrically
connected to the microstrip feed using conductive epoxy CW2400 from CircuitWorks.

A fabricated antenna with a reconfiguration module is shown in Fig.

Figure 5.9. Antenna prototype with the flexible reconfiguration module. Antenna prototype

with the flexible reconfiguration module. Inset: Zoomed front side of reconfiguration module.

Reflection coefficient and tuning range

Figure displays the |Sq1| parameters obtained from simulation and measurement
for different values of the bias voltage, where a very good agreement is observed. As
expected, when the bias voltage is tuned from 0 to 18 V, corresponding to the maxi-
mum and minimum varactor capacitance respectively, the measured frequency tuning
range varies from 1.82 to 3.77 GHz, which yields approximately a 69.7% fractional tun-
ing range. Small discrepancies are due to the imperfect fabrication and measurement
processes. When limiting the bias voltage to 0 — 5 V, the approximate 47% fractional
frequency agility range from 1.82 to 2.94 GHz is still appreciable. The measured in-
stantaneous impedance bandwidth based on a 10-dB return loss increases from ap-
proximately 3.9% to 5.2% as the resonance frequency is tuned from the lowest to the

highest values.
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Figure 5.10. Simulated and measured reflection coefficients of the proposed antenna. Sim-
ulated and measured reflection coefficients of the proposed antenna for selected values of the bias

voltage applied to the varactor.

Radiation pattern, gain and efficiency

Figure shows the simulated and measured radiation patterns in the xz-plane (H-
plane) and the yz-plane (E-plane) at 1.82, 2.45, 2.93, 3.42 and 3.77 GHz. A transition
of the antenna radiation patterns from a quarter-wave mode to a standard half-wave
patch mode is observed. Specifically, up to 2.45 GHz, the antenna radiates in a quarter-
wave mode, therefore radiation patterns of a magnetic dipole placed on a finite ground
with a maximum gain toward broadside are obtained. At the resonance frequencies
which are higher than 2.93 GHz, the radiation patterns resemble more a standard half-
wave patch antenna with a noticeable higher gain (by around 3 dB) than a quarter-
wave mode in the first two frequencies. The slight discrepancy between simulation and
measurement results can be mainly explained by the inherent imperfection of a flexible
fabricated antenna as well as the unavoidable misalignment between the transmitter
and receiver antennas in measurement setup. Additionally, due to these reasons, the
measured cross polarization values are significantly higher than the simulated ones in

the yz-plane.

The simulated and measured antenna realized gains are compared in Fig. The
measured realized gain increases from —1.07 to 7.37 dBi when the resonance frequency

rises from 1.82 to 3.77 GHz, which is in a satisfactory agreement with the simulated
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Figure 5.11. Radiation patterns of the proposed antenna. Simulated and measured realized
gain radiation patterns of the proposed antenna in the xz- and yz-planes at 1.82, 2.45, 2.93, 3.42
and 3.77 GHz.
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Figure 5.12. Realized gains of the proposed antenna. Simulated and measured realized gains

of the proposed antenna.

results. The slight discrepancies are caused by the fabrication and measurement tol-

erances. The antenna efficiency obtained from simulation rises from approximately
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33.1% at the lowest frequency to 90.3% at the highest frequency. Thus, the actual radi-
ation efficiency estimated based on the measured gain is between 29.8% at 1.82 GHz
and more than 90% at 3.77 GHz.

Impact of bending and human body

To experimentally characterize the impact of bending on the antenna performance, the
flexible antenna is affixed onto a 3-D printed cylindrical base (made by PLA and does
not affect the antenna performance) which allows the antenna to be conformal along
the x-axis with a bending radius R, of 30 mm (see inset in Fig.[5.13). The antenna re-
flection coefficients under flat and bent conditions at different bias voltages are shown
in Fig. The measured |S11| parameters are lightly shifted upward due to the effec-
tive shortening of the patch length under bending conditions. Since the patch length is
nearly unchanged while the antenna is bent along the y-axis, the bending effect is less
pronounced in that orthogonal direction (which has been proven by simulations not

shown here for the sake of brevity).

IS11/ (dB)

— Flat antenna

- - - Bent antenna

_50 I I
1.5 2 2.5 3 3.5 4

Frequency (GHz)

Figure 5.13. Measured reflection coefficients under flat and bent conditions. Measured reflec-
tion coefficients of the proposed antenna under flat and bent conditions. Inset: bending measurement

setup - the antenna was bent along the x-axis with a bending radius of 30 mm.

Figure[5.14shows the measured antenna reflection coefficients under two circumstances,

namely when the gaps or the materials in-between the antenna and the human body
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Figure 5.14. Reflection coefficients of the proposed antenna in on-body conditions. Measured
refection coefficients of the proposed antenna with (a) different gaps and (b) different clothing

materials between antenna and human body.

are varied. A homogeneous human body phantom from SPEAG with a relative per-
mittivity e, = 26 and a loss tangent tand = 0.3 measured at 5 GHz was used in this
test, which is approximately equivalent to an averaged three-layer human body. The
distance between the antenna and the human body phantom is adjusted by placing

a layer of blue foam (¢, = 1.02, tand = 0.013) with different thicknesses in between.
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The reflection coefficient while the antenna is in direct contact with human skin is also
measured as the reference. For the second experiment, four popular types of materials
used in clothing industry were chosen and measured, which include cotton (e, = 1.6,
tand = 0.04, thickness = 0.5 mm), leather (¢, = 2.33, tand = 0.057, thickness = 2.5 mm),
denim jean (e, = 1.78, tand = 0.085, thickness = 0.8 mm) and felt (¢, = 1.2, tand = 0.025,
thickness = 1.8 mm). As illustrated in Fig. 15, the measured refection coefficients re-
main almost unchanged for all considered experimental circumstances. This result is
expected, due to the high isolation provided by the full ground plane of the proposed

antenna.

5.2.5 Literature comparison

Table |5.1| displays a comparison of the proposed antenna with other frequency-agile
antennas proposed in the literature. All the antennas selected for comparison have
similar structure comprising a full ground plane and broadside radiation patterns.
The dimensions are given in terms of Ay, the wavelength in free-space at the center
frequency of the tuning range. Additionally, the selected antennas utilize varactors
with approximately similar ranges of junction capacitance to provide the continuous
frequency tuning capability. It can be seen clearly that the proposed antenna demon-
strates a significant improvement in frequency tuning range, especially while compar-
ing to the few available reconfigurable textile antennas. The measured efficiency of the
proposed antenna is on the lower side compared to other antennas at the lowest res-
onance frequency but this can be explained by the large tuning range. The proposed
antenna size is comparable to most of the others, noting that the textile implementation

with foam substrate does not allow miniaturization using substrate permittivity.

5.2.6 Summary on the wearable antenna with one octave tuning

range

A reconfigurable wearable flexible textile antenna with very wide frequency tuning
range covering one octave has been proposed. Since the antenna radiating mode con-
tinuously changes from a quarter-wave PIFA mode to a half-wave patch mode when
decreasing the varactor junction capacitance, a relatively wide frequency reconfigura-
bility is obtained. To validate the concept, the proposed antenna has been designed and

optimized with a dedicated flexible coplanar reconfiguration module, based on the
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Table 5.1. Comparison between the proposed antenna and antennas reported in the litera-

ture. Comparison between the proposed antenna and full ground plane antennas from the literature

Ref. Material | Size (L x W x h (Ag)) | Tuning range (%) | Efficiency (%)
160 Rigid PCB 0.40 x 0.36 x 0.02 26.6 47.0 - 61.0
95 Rigid PCB 0.81 x 0.79 x 0.02 41.2 31.0-71.0
06 Rigid PCB 0.98 x 0.98 x 0.02 41.5 36.0 - 90.0
147 Rigid PCB 0.42 x 0.42 x 0.02 50.0 Not given
29 Textile 0.50 x 0.50 x 0.05 15.3 40.3 - 46.1
28 Textile 0.50 x 0.46 x 0.03 32.8 30.0 - 90.2
This work | Textile 0.56 x 0.47 x 0.03 69.7 29.8 - 93.7

equivalent circuit model. The antenna has been fabricated and experimentally char-
acterized. The prototype exhibits a very wide frequency tuning range of 69.7% ex-
tending from 1.82 to 3.77 GHz, which confirms the effectiveness of the reconfiguration
concept. In the next section, the versatility of the concept will be illustrated by an ex-
tension of the design principle from a single-band antenna to a dual-band frequency-

reconfigurable realization.

5.3 Dual-band frequency-reconfigurable wearable textile

antenna

In order to cope with the increasing complexity of on-body wireless communications
systems while retaining the antenna compactness, multi-functional antennas have been
investigated to enhance the system ability to cope with multiple standards. To this end,
various implementations of wearable textile antennas have been designed to be multi-
band [61]], ultra-wide band or electrically reconfigurable [44]. Antennas combin-
ing multi-band and frequency reconfigurable features were reported previously in the
literature [167]. However, the number of flexible wearable textile antennas with this
functionality has been very limited to date [28].

As an extended version of the frequency-reconfigurable antenna proposed in Section[5.2}

a dual-band wearable textile antenna with frequency agility is presented. The antenna
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is designed to simultaneously operate in the 2.45 and 5.8 GHz ISM radio bands. In
term of frequency agility, the proposed antenna exhibits wide frequency tuning ranges
of 48.6% at its lower band and 18.3% at its higher band. This design extension has been

presented as a conference contribution in [45].

5.3.1 Antenna design

The proposed antenna configuration is shown in Fig. with all the antenna di-
mensions listed in the caption. The antenna design is based on a planar inverted-F
antenna (PIFA) structure with a frequency tunability achieved by using a varactor (of
type MA120H46) integrated on a reconfiguration module similar as reported in the first
part of this chapter. A flexible, lightweight, and low-loss PF-4 foam (from Cumming
Microwave) with a relative permittivity ¢, = 1.06 and a loss tangent of tand = 0.0001
is selected to build a two-layer antenna substrate. A highly flexible and conductive
silver-coated nylon Rip-stop fabric is chosen to design all antenna conductive parts
including a radiation patch, a small shorted secondary patch and its shorting wall, a
microstrip line feed and a ground plane. The proposed antenna is designed and opti-

mized using CST Microwave Studio 2021.

Side view Top view
Shortlng&all* «— Substrate ——— I‘—>|W2 Ly |
Secondary shorted patch ——» ' L3
Reconfiguration FIR
— >
/' module g A e L
) R DC wire
Ground plane ¢ Patch > i Ly
y Microstrip feed y > EW3: Ls
é—»z |<_—’| %—»x e |
X h z Wi

Figure 5.15. Configuration of the dual-band reconfigurable wearable antenna. Configuration
of the proposed antenna. Dimensions (mm): L; = 40.0, L, = 24.0, L3 = 6.0, Ly = 8.7, L5 = 17.0,
Wi = 40.0, W, =28.0, W3 =75,h =32 ¢g=0.5.

In order to vary the antenna resonance frequencies, the varactor is used to alter the
capacitance between the main radiation patch and the shorted secondary patch. The
antenna operation can be understood by observing the antenna instantaneous electric

tield distribution at different values of varactor capacitances as illustrated in Fig.
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To achieve dual-band operation, the antenna is designed to exploit two radiation modes
simultaneously. It can be observed from Fig. (a) and (b) that the antenna resonates
in a quarter-wave (PIFA) mode (TMS(O.S)O) at the bottom of its lower band (2.27 and
2.45 GHz).

(a) (b) (©) (d)

Figure 5.16. Electric field distributions of the dual-band reconfigurable antenna. Instanta-

neous electric field distributions of the proposed antenna at four different varactor capacitances.

As the varactor capacitance between the main radiating patch and the shorted sec-
ondary patch decreases, the mode progressively transitions to a half-wave standard
patch mode (TMG,,) at higher frequencies (top row of Fig. (c) and (d)). In the
higher band (lower row of Fig.5.16), the antenna only resonates in a half-wave patch
mode with the field null progressively moving towards one patch edge with decreas-
ing capacitance, as highlighted by a white dotted line in the figure. It is worth em-
phasizing that, at lower values of varactor capacitance, the antenna simultaneously
radiates in a half-wave standard patch mode (TM,,) at both bands but with different
effective patch lengths. The asymmetrical instantaneous electric field distribution can
be observed at the higher band. This is because the components on the reconfiguration
module are not assembled in a completed symmetrical agreement. It is also noticeable
that, from 5.8 GHz, the radiation mode at the higher band is starting to change from

the half-wave standard patch mode to a higher-order mode.
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5.3.2 Experimental results

To validate the antenna operation concept, a prototype is fabricated (inset of Fig.
and experimentally validated. A good agreement between the simulated and mea-
sured |Sq1| parameters for different values of bias voltage is observed from Fig.
exploiting the full range of accessible varactor capacitance (1.3—0.15 pF). It is notice-
able that the measured fractional bandwidths at both bands are slightly higher than the
simulated results which are 46.8% and 16.8%. These differences can be explained by
the fabrication tolerance. The measured frequency tuning range at lower band reaches
a fractional bandwidth of 48.6% (2.29—3.76 GHz). At the higher band, a measured
frequency tuning range of 18.3% is achieved (5.17—6.21 GHz).
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Figure 5.17. Simulated and measured reflection coefficients of the proposed antenna. Sim-
ulated and measured reflection coefficients of the proposed antenna at different values of the bias

voltage.

The simulated and measured normalized radiation patterns of the proposed antenna
at selected frequencies in both bands of operation are displayed in Fig. The mea-
sured realized gain at 2.29, 2.45, 3.39 and 3.76 GHz are 1.2, 3.1, 5.7 and 6.9 dBi, re-
spectively. In the higher band, the measured realized gain are 8.4, 8.1, 9.0 and 8.0 dBi
corresponding to the resonance frequency of 5.17, 5.23, 5.8 and 6.21 GHz. The simu-
lated and measured gain in dBi for the lower band at 2.29, 2.45, 3.39 and 3.76 GHz are
(1.8,1.2), (2.9, 3.1), (6.2, 5.7) and (6.7, 6.6), respectively. For the higher band, the simu-
lated and measured gain at 5.17, 5.23, 5.8 and 6.21 GHz are (8.9, 8.4), (9.0, 8.1), (8.9, 9.0)
and (7.2, 7.0). Based on the radiation patterns and the gain of the proposed antenna
at the lower band, the transition between the quarter-wave mode to a half-wave patch

mode can be confirmed, while the maximum gain remains toward broadside over the
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whole band with gain increasing as a function of the frequency. In the higher band, the
maximum radiation is also toward broadside with a noticeably higher gain, consistent
with a standard half-wave patch radiation pattern on a low permittivity substrate. It
can be observed that at 6.21 GHz, the antenna gain is starting to decrease, which is due

to a transition from the half-wave patch mode to a higher-order mode.

5.3.3 Summary on the dual-band reconfigurable design

A dual-band frequency-reconfigurable flexible wearable textile antenna with a wide
tuning range at both bands has been presented. The antenna exploits two radiation
modes simultaneously, namely a quarter-wave mode and a half-wave patch mode.
These modes are resonant on a main radiating patch and a secondary shorted para-
sitic patch, with their effective electrical lengths tuned by a varactor diode between
the patches. To demonstrate the concept, the proposed antenna has been optimized,
fabricated and experimentally characterized. The antenna exhibits broadside radiation
patterns at all resonance frequencies with a relatively wide tuning range of 48.6% and
18.3% around the 2.45 and 5.8 GHz ISM bands, respectively.

5.4 Thermography investigation of reconfigurable wear-

able antennas

To ensure that the reconfigurable flexible antennas can work well in real on-body op-
erating environments, several environment factors needed to be considered. Investi-
gating a number of detuning effects on passive wearable textile antenna performance,
the study [168] suggested that a variation of 5% in the resonance frequency can occur
due to bending, human body interaction or moisture uptake. Later, the operation of
wearable antennas was disturbed by the presence of some objects in proximity such
as human tissues or metal sheets [169]. A tuning range of 8% was recommended for
frequency-reconfigurable wearable antenna to keep the |S11| parameters at acceptable

ranges.

The temperature of passive flexible textile antennas under working conditions has
been investigated through thermographic infrared measurements in the Section [3.2.4]
- Chapter |3l Due to the losses in the conductive materials, the temperature of some

parts of the antenna can reach more than 50°C at an input power of 1 W even with an

Page 117



5.4 Thermography investigation of reconfigurable wearable antennas

2.29 GHz 2.45 GHz 3.39 GHz 3.76 GHz

—— Meas - Co-pol
- - - Sim - Co-pol
—— Meas - X-pol
- = = Sim - X-pol

[«B)
c
gu5 7

[¢B)

3

= - -10 1350 2259

> 180° 180° 180° 180°
5.17 GHz 5.23 GHz 5.80 GHz 6.21 GHz

Figure 5.18. Normalized radiation patterns of the proposed antenna. Simulated and measured
normalized radiation patterns of the proposed antenna in the xz- and yz-planes at 2.29, 2.45, 3.39,
3.76, 5.17, 5.23, 5.80 and 6.21 GHz. Inset: the fabricated antenna and zoomed-in front side of the

reconfiguration module.

antenna featuring estimated radiation efficiency of 65.8%. This high temperature can
possibly cause local skin damage to wearers in about 15 minutes [170]. This risk mo-

tivates the present thermography investigation of frequency-reconfigurable wearable
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antennas, where changes of resonance frequencies to cope with dynamic changes of

the wearable environment affect the radiation efficiency of the antennas.

In this context, thermography investigation of the frequency-reconfigurable antenna
presented in Section |5.2| will be discussed in this part. Initially, the increased antenna
temperature when operating at various resonance frequencies is investigated through
thermal infrared imaging. This measurement identifies the hottest spots on the antenna
and also confirms the inverse relation between the radiation efficiency and the antenna
highest temperature. This relationship is also confirmed to remain unchanged while
the antenna input power is varied from 21 to 521 mW. Finally, the consistency and sta-
bility of the tuned frequencies are demonstrated when the input power is set up to 521
mW. The presented preliminary results demonstrate the use of infrared thermography
as a valuable tool for characterization of thermal safety margins of wearable devices
and for imaging of losses in reconfigurable antenna technology. The results presented

in this section has been presented as a conference contribution in [46].

5.4.1 Experimental setup

The frequency-reconfigurable conductive textile antenna with one octave tuning range
(approximately 70% fractional bandwidth) presented in Section |5.2 has been selected
for this experimental investigation. The relatively wide measured frequency tuning
range from 1.83 to 3.77 GHz is possible with a corresponding estimated radiation effi-
ciency ranging from 30 to 93%. The antenna temperature is measured at four different
resonance frequencies across the tuning range with approximately 600 MHz spacing,
namely at 1.83, 2.47, 3.12 and 3.77 GHz, which correspond to bias voltages of 0, 2.5, 7
and 18 V, respectively.

The thermal measurement setup is shown in Fig. A FLIR E53 Advanced Thermal
Imaging Camera is employed, allowing a relatively wide temperature reading range
extending from —20 to 120°C. An EXG analog signal generator N5173B by Keysight
with a frequency range from 9 kHz to 20 GHz is used to generate a continuous wave-
form (CW) sinusoidal reference signal. An RF amplifier ZHL-42 with a frequency range
from 0.7 to 4.2 GHz, minimum gain of 30 dB and a maximum output power of 28 dBm
is used to amplify the signal before feeding the antenna. The measurement was taken

in an anechoic chamber with the room light turned off and all the antenna connectors
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covered by black absorbers. This setup aims to minimize the thermal noise impact

caused by reflecting objects.

Thermal
camera

\ Reconfigurable

RF antenna

] amplifier
Signal

generator

Figure 5.19. Thermal measurement setup for reconfigurable wearable antennas. Thermal

measurement setup in the anechoic chamber.

5.4.2 Experimental results

Antenna temperature at different resonance frequencies

The antenna temperature at the four featured resonance frequencies for a fixed input
power of 521 mW is shown in Fig. The small red triangular in each sub-figure
indicates the hottest spot in the antenna which corresponds to the varactor location.
The hottest temperature at the resonance frequencies of 1.82, 2.47, 3.12 and 3.77 GHz
are 62.1°C, 45.5°C, 36.2°C and 32.6°C, respectively.

It can be observed that higher temperatures are occurring at the lower resonance fre-
quencies. This can be explained by the approximately linearly proportional relation-
ship between the temperature and the power dissipated in a dedicated circuit [171],
which is calculated as a multiplication of the square of the current flowing through
the varactor and the varactor internal resistance. Since the internal resistance of the
MA120H46 varactor is not strongly dependent on bias voltage [95], the temperature is
increased mainly due to the raising of the current flowing through the varactor which

corresponds to the decreasing of bias voltage. More explicitly, the lowest resonance
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(@) (b)

(© (d)

Figure 5.20. The thermal images recorded for the four different resonance frequencies. The
thermal images recorded for the four different resonance frequencies when the input power is fixed at
521 mW. (a) 1.83 GHz (max temp. 62.1°C), (b) 2.47 GHz (max temp. 45.5°C), (c) 3.12 GHz (max
temp. 36.2°C) and (d) 3.77 GHz (max temp. 32.6°C). Small red triangular indicates the hottest
point which is the varactor location with the maximum temperature featured on the top left of each
figure. The background temperature was measured at the cross-markers Spl, and it increased by

0.6°C during the whole experiment.

frequency corresponds to the highest value of varactor capacitance, which leads to
the highest current flow through the varactor, where dissipation eventually causes the
highest temperature. In contrast, at the high resonance frequency achieved at low
value of the varactor junction capacitance, there is only a small amount of current flow-
ing through the varactor which leads to the lower temperature. It is worth to mention
that, the environment temperature slightly increased during the experiment by 0.6°C,

as indicated by the background temperature measured at the cross-markers (Sp1) in
Fig.[5.20
The measured relationship between the radiation efficiency and the antenna top tem-

perature is shown in Fig. It can be seen that the antenna radiation efficiency is
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broadly inversely proportional to the antenna temperature. The localized high tem-
perature measured on the tuning module (as illustrated in Fig. confirms that the
low radiation efficiency at low frequencies is mostly caused by the high current flowing
through the varactor. It is also worth mentioning that, at the lower antenna radiation
efficiency (from 33% to 44%) the antenna temperature is significantly increased by ap-
proximately 20°C. In contrast, at the higher efficiency (more than 80%) achieved above

3 GHz, the temperature is rather stable with the variation remaining below 5°C.
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Figure 5.21. Antenna temperature versus radiation efficiency. Antenna temperature versus

radiation efficiency across the frequency tuning range.

Antenna temperature at different input powers

In this experiment, the reference signal power (antenna input power) is varied from
21 to 521 mW to investigate the relation between the antenna temperature and input
power at the four featured resonance frequencies. It can be observed in Fig. that,
the highest temperature is obtained at the lowest resonance frequency across the whole
range of antenna input power. Since the current flow through the varactor at higher
frequency is low, the temperature at higher frequency is only increased by a small
amount (9.5°C). In contrast, at the lowest frequency, the module temperature is signif-
icantly increased by 37.7°C when the input power is increased by 500 mW. Therefore,
it is suggested that at the lowest resonance frequency with the radiation efficiency of
approximately 30%, the antenna input power should be limited to 350 mW which cor-
responds to the reconfiguration module temperature of 50°C to avoid possible skin

damage to wearers.
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Figure 5.22. Antenna temperature at four different resonance frequencies. The antenna
temperature at four different resonance frequencies while the antenna input power is varied from 21
to 521 mW.

Antenna tuning frequency at different input powers

It is known that, when the feeding frequency of the antenna matches the center tuning
frequency (controlled by setting the bias voltage), the current flow through the varac-
tor should reach its maximum value. Therefore, by fixing the bias voltage then varying
the frequency of the reference signal from the signal generator, it is possible to observe
the exact tuning frequency (the best-matched frequency) of the reconfigurable antenna
based on the variation of temperature. This experiment was taken at two resonance fre-
quencies corresponding to two extreme bias voltage which are 1.83 GHz (bias voltage
of 0 V) and 3.77 GHz (bias voltage of 18 V). The results shown in Fig. indicate that
the module temperature consistently reaches its highest value at the tuned frequency.
It can be also observed that the highest temperature remains at a fixed frequency when
the antenna input power is varied from 21 to 521 mW. This suggests that the frequency-
reconfigurable antenna is operating at a stable tuning frequency despite input power

variations, for a power level reaching up to 521 mW.
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Figure 5.23. Antenna temperature versus frequencies at different input powers. Antenna
temperature versus frequencies at different input powers. (a) The lowest and (b) the highest reso-

nance frequency bands.

5.4.3 Summary on thermographic imaging

In this third part of this chapter, the thermographic imaging of a wearable frequency-
reconfigurable antenna in dependence of operation frequency and power level has
been presented. It is observed that the hottest spot on the reconfigurable antenna is
located at the varactor position. The highest temperatures are occurring at the lower
resonance frequencies due to the higher current flowing through the varactor. An in-
verse proportion between the antenna radiation efficiency and the antenna tempera-
ture has been demonstrated. It is also suggested that, the threshold of input power for

the antenna state with a radiation efficiency of 30% is approximately 350 mW to avoid
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potential skin damage to wearers. Finally, the experimental results indicate that for
the varactor MA120H46, the antenna resonance frequencies remain unchanged under

a CW sinusoidal input power increased upto 521 mW.

5.5 Conclusion

In this chapter, two frequency-reconfigurable flexible textile antennas for wearable ap-
plications have been presented. Utilizing the flexible co-planar reconfiguration module
with the optimized PIFA structure, the first proposed antenna provides an one octave
frequency tuning range of approximately 70%. The antenna was designed following
some practical considerations which enhance its practicability in real conformal appli-
cations. To illustrate the versatility of the concept, the proposed antenna structure was
then re-optimized to become the second antenna with dual-band frequency reconfig-
urable characteristics. This dual-band antenna can simultaneously cover the 2.45 and
5.8 GHz ISM radio bands with a wide tuning range at both bands of 48.6% and 18.3%,
respectively. In the last part of the chapter, a thermal behavior of the first antenna was
investigated. Through the presented results, the relationship between antenna tem-
perature and efficiency is experimentally confirmed. It was also suggested that the
thermal imaging camera can be a useful tool to characterize thermal safety margins of

wearable antennas.
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Chapte

Dual-Band Reconfigurable
Flexible Antenna with
Independent Frequency
Tunability

HIS chapter presents a dual-band frequency-reconfigurable flex-
ible antenna with independent tunability for wearable applica-

tions. The proposed antenna is based on textile and foam, and

operates simultaneously in a T M ( mode and a higher-order mode with

0.5)0
individual frequency tunability cente)red at the 2.45 and 5.8 GHz Industrial,
Scientific and Medical bands. The relative frequency tuning range at the
lower band is 41.1% while that at the higher band is 29.9%. To demonstrate
the independent tuning concept, the coplanar reconfiguration module pro-
posed in the previous chapters is utilized. The fabricated antenna proto-
type operates as expected and can maintain robust performance in various
bending configurations through its individual dual-band frequency recon-

tigurability, which suggests its practicality for wearable applications.
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6.1 Introduction

Antennas with multi-band operation and frequency agility can empower communica-
tions systems with the ability to work with different standards and in complex electro-
magnetic environments. There exist several antennas with frequency reconfigurability
in multiple bands reported in the literature [17,/157,[167,(172-176]. In particular, some
of these antennas exhibit independent frequency tunability which can offer a higher
degree of freedom in their adaptability for multiple functionalities. For instance, a
monopolar antenna working independently in two reconfigurable frequency bands
was proposed in [17]. Additionally, antennas with triple-band independent frequency
tuning were reported in the literature providing either omnidirectional [176] or broad-
side radiation patterns [167,[174]. However, all of those radiators were constructed
from rigid materials, which are not suitable for conformal applications demanding

flexible antennas.

In this chapter, a flexible, dual-band, reconfigurable antenna with independent fre-
quency tunability is proposed. The antenna is realized based on textile and foam, and
it operates simultaneously in a quarter-wave (shorted) resonant mode and a higher-
order mode with independent frequency tunability centered at the 2.45 and 5.8 GHz
ISM bands. The frequency tuning range at the lower band and the higher band are
41.1% and 29.9%, respectively. The good agreement between simulation and measure-
ment of a manufactured prototype suggests that the antenna performs as designed and
can independently correct the detuning due to antenna bending for the two operation
bands. The results presented in this chapter was published to the IEEE Antennas and
Wireless Propagation Letters under the tile of “Dual-Band Reconfigurable Flexible An-
tenna with Independent Frequency Tunability” [47].

6.2 Antenna design

6.2.1 Antenna geometry

The proposed antenna structure is shown in Fig. with the antenna dimensions
given in the caption. The antenna is based on the quarter-wave resonance of a Pla-
nar Inverted-F Antenna (PIFA) structure which consists of a full ground plane, two
foam substrate layers, a microstrip feed, a resonant patch, and four folded shorting

stubs. To achieve good mechanical flexibility of the antenna structure, highly flexible
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dielectric and conductive materials are selected to construct the antenna. Specifically,
a light-weight and low-loss (loss tangent tand = 0.0001) PF-4 foam with a thickness of
1.6 mm and a relative permittivity ¢, = 1.06 is used for the two stacked substrates. A
highly conductive fabric from Shieldex® Nora-RS with a sheet resistance of approxi-
mately 0.01 (}/square is chosen as the electrical conductor for the ground plane, the

resonant patch, the folded shorting stubs and the microstrip feed line.
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Figure 6.1. Configuration of the proposed antenna. Configuration of the proposed antenna.
Dimensions (mm): L; = 50.0, L, = 9.5, L3 = 9.5, Ly = 6.0, Ls = 7.0, L¢ = 18.0, Ly = 26.0,
W1 = 60.0, W, = 30.0, W3 = 24.0, Wy = 6.0, W5 = 3.0, Wg = 2.0, W; = 7.5 and h = 3.2. Inset:

Zoomed-in front side of the reconfiguration module.

Four flexible coplanar reconfiguration modules proposed in Section[5.2]are used in the
antenna to obtain reconfigurability. These modules provide a varactor-loaded contact

between two metallic snap-on connections at their extremities. They also include the
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biasing circuit to control the varactors as shown in an inset in Fig. In the present
case, the modules are ground-shorted by using shorting stubs connected to metallic
female snap-on buttons as shown in an exploded view in Fig. The utilization of
these detachable reconfiguration modules also makes the antenna straightforward to
fabricate and maintain. Two reconfiguration modules are used to connect the radiation
patch with folded shorting stubs (module (D and @) as shown in Fig. to tune the
resonance frequency of the quarter-wave mode in the lower band. The other two mod-
ules are placed at the left-hand and right-hand sides of the radiation patch (module
@ and @ as shown in Fig. and connected to folded shorting strips to control the
resonance frequency at the higher band. The hexagon shape of the radiation patch is
chosen to gain more design flexibility, as presented in Section The design is op-
timized to achieve wide frequency-tuning range at both bands using CST Microwave
Studio 2021.

6.2.2 Antenna operation

The lower band centered at 2.45 GHz is based on the fundamental quarter-wave mode
(TM(Z)(O.S)O) of the half-patch which is connected to the two folded shorting stubs. By
changing the capacitance of the varactors inside the reconfiguration modules (D and
(2), the resonance frequency can be tuned. When decreasing the varactor junction ca-
pacitance, a transition from quarter-wave mode to half-wave patch mode is observed
through the movement of a null in the field distribution in the antenna cavity from
the location of the shorting stubs towards the center of the patch, as highlighted by a
white dashed line in Fig.|6.2| (a). As a consequence, the operation frequency increases.
A wide frequency tuning range of approximately 40% is obtained for this lower fre-
quency mode. It is worth mentioning that, the varactor junction capacitance of the
modules (D and (@ could be tuned down to 0.15 pF bringing the lower band reso-
nance frequency up to 4.0 GHz. However, the lower bound of capacitance is limited to
0.25 pF to keep a sufficiency gap between the higher end of the lower band (3.53 GHz)
and the lower end of the higher band (4.52 GHz) aiming to maintain the independence
between both bands.

To open a second band centered at 5.8 GHz, the antenna width is enlarged to excite
a higher-order mode with capacitively loaded shorts on both sides, as presented in
Section[3.2] It is noted that, the long shorted strips on both sides of the patch also con-

tribute to establishment of the higher-order mode. The varactor junction capacitance of
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Figure 6.2. Electric field distributions of the proposed antenna. Instantaneous electric field
distributions in the cavity of the proposed antenna in (a) lower band tuned to 2.36, 3.53 GHz, (b)
higher band fixed at 5.8 GHz while tuning the lower band, (c) higher band tuned to 4.52, 6.13 GHz
and (d) lower band fixed at 2.45 GHz while tuning the higher band.

the modules 3 and (@) can be then varied in order to change the effective patch width
to tune the resonance frequency at this higher-order mode. The instantaneous electric
field distributions for the case of the high band resonance frequencies tuned to 4.52 and
6.13 GHz are shown in Fig. (c). It can be observed that, when the varactor junction
capacitance of the modules (3) and (@) are decreased from 1.3 to 0.15 PE the electric field
strength at the modules (3) and (4) positions become significantly weaker. This is be-
cause of a smaller amount of current flowing through the varactor for a lower value of
the varactor junction capacitance, as presented in Section This means that the RF
connection between the patch and the long strips is progressively being lost with de-
creasing varactor capacitance. This reduces the effective width of the radiating patch,

which leads to the increase in resonance frequency:.

One can observe that the resonance frequency at the higher band depends mostly on
the patch width and the long strips” dimensions, while the resonance frequency at
lower band is mainly affected by the patch length. By optimizing the long strips’
length, a near complete independence of the lower band from the higher band is
achieved, as illustrated in Fig. (d) where the resonance frequency in the lower
band remains unchanged. Since the modules (D and (2) are located at the electric
tield nulls of the higher-order mode at all resonance frequencies from 4.52 to 6.13 GHz
(Fig. (c)), the tuning in the lower band has nearly no impact on the higher-band

frequency (Fig.[6.2](b)).
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6.3 Experimental results

6.3.1 Antenna fabrication

The proposed antenna has been fabricated and measured to validate the proposed con-
cept. A PF-4 foam sheet is firstly cut into two substrates, and then four slits are manu-
ally trimmed to accommodate the folded shorting stubs and the eight holes for female
buttons on the top substrate. A laser milling machine (LPKF: Protolaser S) is used
to accurately cut all the antenna conductive textile parts. The folded shorting strips
and the ground plane are fabricated using one piece of metalized fabric to guarantee a
perfect connection between these parts (Fig.|6.3|(a)).

Bottom substrate

Top substrate

(a) (b) (©)
Male snap-on
Dedicated <« button
circuit Varact
aractor
P
L -« C
R -
Male snap-on
button
(d) (e)

Figure 6.3. Fabricated antenna assembly. Fabricated antenna assembly. (a) Ground plane
with folded stubs realized on single piece of silver fabric, (b) bottom substrate, (c) top substrate
with antenna patch and top folded stubs, (d) front view of the fabricated antenna and (e) the

reconfiguration module.

The folded shorting stubs are passed through the slits on the antenna substrates, and
a washable fabric glue (Tiger Grip from Helmar) is subsequently used to affix the con-
ductive parts onto the substrates (Fig.|6.3|(b) and (c)). Conductive epoxy CW2400 (from

CircuitWorks) has been used to connect an SMA connector to the microstrip feed and
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the ground plane. The full fabricated prototype with its four reconfiguration modules
is shown in Fig.[6.3](d).

A reconfiguration module realized in flexible PCB is shown in Fig. (e). The active
component used in the design is a varactor MA46H120 from MACOM Technical Solu-
tions. It has an adjustable capacitance ranging from 1.30 to 0.15 pF for a reversed bias
voltage varying from 0 to 18 V. The bias circuit consists of a resistor R = 1 M() in series
with an inductor L = 400 nH. A DC-blocking capacitor C =22 pF is added to block the
DC bias current flowing to the resonant patch. The reconfiguration modules are DC-
and RF-grounded through the folded shorting stubs. The bias voltage V; controls the
varactor capacitances in the modules (D and (2), while the ones in the modules 3) and
(@) are adjusted by the bias voltage V5, (as shown in Fig. .

6.3.2 Reflection coefficient

A good agreement between the simulated and measured |S1;| parameters of the pro-
posed antenna at different values of the bias voltage V; and V; is illustrated in Fig.
It can be observed that the frequency tuning of both bands is largely independent from
another, that is, only insignificant variations in the operation frequency are observed
when tuning the other band. The measured tuning range (defined for |S11| < —10 dB)
at the lower band varies from 2.34 to 3.55 GHz, which yields approximately a 41.1%
fractional tuning range for a bias voltage V; varying from 0 to 7.7 V. When the bias
voltage V; is adjusted from 0 to 18 V, the measured —10 dB tuning range at the higher
band varies from 4.55 to 6.15 GHz, corresponding approximately to a fractional tuning

range of 29.9%.

6.3.3 Radiation patterns, gain and efficiency

The simulated and measured normalized radiation patterns in the lower band at 2.34,
2.45 and 3.55 GHz and in the higher band at 4.55, 5.8 and 6.15 GHz are displayed in
Fig. A good agreement between simulation and measurement is obtained, with
slight discrepancies mainly due to the mechanical flexibility of the antenna, which can
typically cause an imperfect alignment in the measurement. It can be observed that
at the lower band the antenna radiates in a quarter-wave mode with a maximum gain
toward broadside. One-sided bidirectional radiation patterns are also noticed for all

resonance frequencies tuned in the higher band. It can be inferred from the figure
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Figure 6.4. Reflection coefficients of the proposed antenna. Simulated (dashed lines) and
measured (solid lines) reflection coefficient of the proposed antenna. Tuning the operation frequency

at (a) the low band and (b) the high band.

that the polarization of the two modes are normal to each other, since the co-polarized
orientations of the lower band and higher band are following x and y directions, re-

spectively.

Figure |6.6[shows a satisfactory agreement between the simulated and measured real-
ized gains of the proposed antenna. At the lower band, when increasing the resonance
frequency from 2.34 to 3.55 GHz, the measured realized gain rises from 0.52 to 5.97 dBi.
At the higher band, the measured realized gain increases from 2.42 to 6.71 dBi when
the resonance frequency shifts from 4.55 to 6.15 GHz. The simulated antenna efficiency
obtained rises from 51.7% to 87.5% at the lower band, while at the higher band the sim-

ulated efficiency increases from 41.8% to 86.6%. Thus, based on the measured gain, the
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Figure 6.5. Normalized radiation patterns of the proposed antenna. Simulated and measured
normalized radiation patterns (in Ludwig third definition) of the proposed antenna in the xz- and

yz-planes at 2.26, 2.45, 3.56, 5.01, 5.8 and 6.27 GHz.
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actual antenna efficiency is estimated to be between 49.1% and 84.1% at the lower band,
and from 34.7% to 87.8% for the higher band.
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Figure 6.6. Realized gains of the proposed antenna. Simulated and measured realized gain of
the proposed antenna when tuned for operation at 2.34, 2.45, 2.85, 3.25, 3.55, 4.55, 4.94, 5.31, 5.8
and 6.15 GHz.

6.3.4 Impact of bending

To investigate the impact on the antenna performance due to bending, the antenna is
tuned to operate at 2.45 and 5.8 GHz simultaneously, with bias voltages of V; = 0.7 V
and V, = 8.8 V. The antenna is then affixed onto two 3D printed cylindrical bases (with
a 30 mm bending radius) and bent along the x- or y-axis, respectively. The measured
reflection coefficients for these two bending configurations are shown in Fig. When
the antenna is bent along the x-axis, the resonance frequency at the lower band is
shifted to 2.37 GHz (3.3%) while the higher frequency is nearly unchanged as illus-
trated in Fig. (a). This is because while the antenna is bent along the x-axis, the
antenna physical width remains nearly unchanged. In contrast, the higher band is
much more sensitive to bending along the y-axis, with the resonance frequency shifted
by 8.5%, from 5.8 to 5.33 GHz as shown in Fig. 6.7 (b). This can be explained by the

significant physical change in the patch width when bent in this direction.

6.3.5 Independent detuning compensation

The reconfigurability of the antenna makes it possible to individually compensate the
detuning effects in both bands, such as the impact due to antenna bending exemplified

in the previous section. Such frequency shifts can be independently compensated for
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Figure 6.7. Reflection coefficients of the proposed antenna in conformal test. Measured
reflection coefficients of the proposed antenna when it is flat, bent, and dynamically re-tuned to
compensate the bending impact. Inset: bending measurement setup - the antenna was bent along

(a) the x-axis and (b) the y-axis with a bending radius of 30 mm.

both bands by adjusting the bias voltages V; or V,. Specifically, V; is tuned from 0.7
V to 1.6 V to recover the lower resonance frequency from 2.37 back to 2.45 GHz for
the bending along x-axis. On the other hand, V; is tuned from 8.8 V to 14.2 V to bring
the higher frequency from 5.33 back to 5.8 GHz for the other bending scenario. Such
independent tunability will be useful for applications in very dynamic and complex
surrounding environments such as wearable systems. Additionally, due to the good
isolation provided by the full ground plane, the proposed antenna is insensitive to the

wearer’s body; this is also essential for wearable applications.
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6.4 Conclusion

In this chapter, a frequency-reconfigurable flexible antenna with two independently
tunable bands was presented for wearable applications. The proposed antenna made
of conductive textile on a foam substrate is designed to cover two ISM bands centered
at 2.45 and 5.8 GHz, with an independent frequency tuning range of 41.1% for the
lower band and 29.9% for the higher band. The good agreement between the sim-
ulation and measurement results on a prototype validates its expected independent
frequency tunability and the ability to individually compensate detuning in the two
bands.
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Chapte

Multi-Functional Wearable
Textile Antennas

ECONFIGURABLE antennas with agility characteristics
have been being increasingly developed to enhance versatility
for various communications standards. A similar demand ex-
ists for body-worn antennas to keep the antenna operating stably in highly
dynamic wearing conditions. A reconfigurable wearable antenna may not
only be expected to have frequency agility, but potentially also to show a

combination with pattern or polarization reconfigurability.

In this context, this chapter presents a multi-functional wearable antenna
design, with two design variations. The first antenna provides frequency-

and pattern-agility while the second antenna exhibits frequency- and

polarization-reconfigurability. The antenna design principle is confirmed
using equivalent circuit models before being validated by experimental re-

sults.
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7.1 Introduction

As mentioned in Section Chapter (3, in order to develop compact and versatile
body-centric communications systems, it is desirable to develop body-worn flexible
antennas that can switch between omnidirectional and broadside patterns at a fixed
frequency band. Furthermore, in each of these radiation modes, frequency reconfig-
urability may be necessary to compensate frequency shifts due to deformation effects
such as antenna bending or crumpling. Additionally, for linearly polarized antennas,
the antenna polarization may need to be adaptable to maintain the communication
links despite dynamic changes of on-body environment caused by wearers’ daily ac-
tivities and movements. Therefore, reconfigurable wearable textile antennas able to

combine frequency-, polarization- or pattern-agility at a fixed frequency band are in
high demand.

Several pattern-reconfigurable antennas were proposed in the literature [26,177-179] in
which operation can be switched between broadside and monopole radiation modes.
In [177,]179], the proposed antennas were able to change between different radiation
patterns, however only at a fixed frequency. The antenna proposed in [26] was de-
signed to not only provide broadside-to-omnidirectional switchability, but was also
enhanced with frequency tunability with more than 20% of frequency tuning range
for each mode. A number of polarization-reconfigurable antennas were also reported
in the literature [21,123}148]. Reconfigurable antennas that can combine polarization-
and frequency-agility were also investigated [22,(102] aiming to expand antenna func-
tionalities. However, these antennas were implemented on rigid substrates, which are

inappropriate for wearable applications.

Considering now reconfigurable flexible textile antennas, most of the reported designs
aim at providing frequency reconfigurability [28,129]], while the number of practically
demonstrated pattern-reconfigurable textile antennas has been very limited [30]. Uti-
lizing PDMS substrate and PIN diodes, the antenna reported in [30] is able to switch
between monopole-like and broadside radiation pattern at a fixed resonance frequency
of 5.2 GHz. Regarding combination of frequency- and polarization-agility, there has

not been any body-worn antenna reported in the literature to date.

In this chapter, an operation principle concept proposed for combining frequency- and
pattern- or polarization-agility in one antenna design is presented. Based on the pro-
posed strategy, two reconfigurable flexible textile antennas with multifunctionality are

presented. The first antenna is able to switch between broadside and omnidirectional
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radiation modes with frequency-agility enabled in each mode. The frequency frac-
tional tuning ranges of the antenna at broadside and monopole-like modes are 57.3%
and 27.2%, respectively. Frequency- and polarization-agility are embedded in the sec-
ond antenna which is able to work in 0°, 120° or 240° linear polarizations. At each state

of linear polarization, a wide frequency tuning range of 31.9% is provided.

7.2 Principle of operation

The antenna reconfigurability on a flexible wearable platform is implemented by con-
sidering a center-fed circular patch microstrip antenna inspired by a previously re-
ported reconfigurable antenna [145]. In the considered antenna structure, a resonant
patch is shorted to its ground plane by using three identical varactors placed at the
patch circumference with 120° angular separation as shown in Fig. The capac-
itance at the patch edge is changed by controlling the varactor bias voltage, which
results in a change of effective dimensions of the patch and consequently a variation
of the antenna radiation characteristics. It is expected that, simultaneous or individual
tuning of the three hypothetical varactor capacitances (C;, C; and Cz corresponding
to Varactor 1, 2 and 3 respectively) will lead to different changes in antenna radia-
tion characteristics. Figure|7.2| displays three scenarios of varactor capacitance tuning

which result in three promising antenna radiation states as described in the following.

Side view Top view 3D view

y

«Substrate
%—» zZ  HH
X

/ « Patch

Ground |« Feed
plane

_K‘_

Varactor 2 Varactor 3

Figure 7.1. Antenna basis geometry. Ideal reconfigurable circular patch microstrip antenna

structure.

In a first mode of operation, the three capacitances C;, C; and Cj3 are tuned simultane-
ously to achieve omnidirectional monopole patterns. It is well-known that a higher val-

ues of varactor capacitance leads to a higher RF current flowing through the varactors.
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Figure 7.2. Electric field distribution of the considered antenna. Simulated instantaneous
electric field distributions in the cavity of the considered antenna radiating in (a) omnidirectional

mode, (b) broadside mode and (c) broadside mode with three linear polarization states.

In this case, the three varactors act as three vias which create three radiation apertures
represented by three in-phase magnetic current elements, M, as shown in Figure[7.2)(a),
left-hand side graph, where C; = C, = C3 = 10 pF. When decreasing the three varactor
junction capacitances, the effective length of the three radiation apertures is shortened
which is illustrated in Figure 7.2 (a), center and right-hand side graphs. As a result,

the resonance frequency of the antenna is increased. It is noticeable that, the values of
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C1, C; and C3 have to be large enough to maintain the RF current flowing through the
varactors and consequently maintain the RF connection between the resonant patch
and the ground plane. It is also worth mentioning that, to maintain the omnidirec-
tional monopole patterns, the distance in-between the centers of the magnetic current

elements is limited to half of wavelength in free-space [123].

When the varactor capacitance is tuned to very low value, there is almost no cur-
rent flowing through the varactor. In this case, there is effectively no connection be-
tween the antenna patch and the ground plane at the position of the low value var-
actor. Figure (b) shows the electric field distribution of the antenna when the
C; = C3 = 0.01 pF and C; is varied from 10 pF to 0.3 pF. When the varactor capaci-
tance Cj is set to 10 pF, this creates a high-capacitance connection between the patch
and the ground plane, and the antenna is working in a quarter-wave mode with one
(effective) shorting point as shown on the left of Fig. (b). When decreasing the
value of Cy, the radiation mode is transitioning from the quarter-wave mode to a half-
wave patch mode. However, when the value of C; is tuned to the very low value
(C1 = Cp = C3 = 0.01 pF), the will be no current flowing from the patch to the ground
plane, the antenna is consequently working in a fundamental half-wave patch mode.
By swapping the location of the higher value capacitance varactor, the linear polariza-

tion of the antenna working in broadside mode can be switched by 120° as shown in
Fig.[7.2](c).

In summary, by changing the tuning order of the three varactors, it is possible to realize
a multi-functional antenna. The antenna radiation pattern can be switched between an
omnidirectional pattern and a broadside pattern. While working in broadside mode,
the antenna linear polarization can be tuned in steps of 120°. It is noticeable that, at

each radiation mode mentioned, the resonance frequency of the antenna can be varied.

7.3 Reconfiguration analysis

An implementation of a reconfigurable wearable textile antenna based on the afore-
mentioned operating principle is proposed with the structure as shown in Fig. The
proposed antenna configuration consists of a full ground plane, a flexible substrate,
a circular radiation patch, three folded shorting stubs placed around the patch with
a 120° angular separation. The reconfigurability is implemented by using the flexi-

ble coplanar reconfiguration module with varactors as presented in Chapter |5, Three
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reconfiguration modules are used to connect the three folded shorting stubs to the
antenna circular patch. Depending on a design requirement, an appropriate feeding
technique can be selected. Based on the proposed structure, the antenna operation
principle while working either in omnidirectional or broadside modes is analyzed us-

ing an equivalent circuit model.

G dSide view Top view
round
— Substrat -
plane F T Hbstra e. Folded stub—> .
. Reconfiguration DC wire
module 4
iolrcti'e d Circular
shorting Patch
stubs s
y y
é—»z o é—»x
X z

Figure 7.3. Multi-functional wearable antenna structure. General structure of the proposed

multi-functional wearable textile antenna.

7.3.1 Resonance frequency for the broadside mode

As discussed in Section at the lowest value of the varactor junction capacitance,
the dedicated circuit in the reconfiguration module is nearly open. In this stage, there
is almost no connection between the antenna patch and the folded shorting stubs.
Therefore, when the varactor capacitance of module 2) and @) are tuned to 0.15 pF
(corresponding to the bias voltage of 18V), these two modules can be considered as
disconnected. The antenna structure is then simplified as shown in Fig.|7.4| (a) where
the module 2) and (@) are removed. Since the antenna resonant patch is a circle, it
is necessary to transform it it to an equivalent rectangular shape before calculating a
resonance frequency using transmission line theory. The equivalent rectangular patch
with identical area to the circular patch shown in Fig. |7.4| (b) where the patch length
(Ipp) and width (w,p) can be estimated as follow

TR?
p Zpb
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Figure 7.4. Calculation process for the antenna working in the broadside mode. Approximated
calculation process with the antenna operating in its broadside mode. (a) Simplified antenna without
modules 2 and 3, (b) equivalent rectangular patch antenna with identical area and (c) equivalent

circuit model of equivalent rectangular patch antenna.

where R is the circular patch radius. Once the patch length and width of the equivalent
rectangular patch are estimated, it can be analyzed using a circuit model as shown in
Fig.[7.4|(c). The antenna resonance frequency as a function of a hypothetical varactor
junction capacitance Cy,;r can be calculated following the method presented in Sec-
tion[5.2.3] As a result, for the case of the the antenna operating in broadside mode, the
resonance frequency obtained from the equivalent circuit analysis and CST full-wave
simulation according to different hypothetical values of Cy,; from 0.001 to 1000 pF can
be calculated as displayed in Fig.

7.3.2 Resonance frequency for the omnidirectional mode

As discussed in Section when all the junction capacitance of the three varactors in
their reconfiguration modules are tuned simultaneously with the same bias voltage,
the antenna is working in omnidirectional radiation mode. Since the antenna patch is
shorted to the ground through the three folded shorting stubs, three radiation aper-

tures are created from the patch to the ground, defining three virtual cavities. These
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Figure 7.5. Analysis and simulation results of the resonance frequency in the broadside
mode. Equivalent circuit model analysis and full-wave simulation of the resonance frequency across
different hypothetical values of varactor capacitance for the antenna working in the broadside mode.

Green area: Single varactor capacitance range (from 0.15 to 1.3 pF).

apertures are similar to thin slots which can be described as equivalent magnetic cur-
rent elements as shown in Fig.[7.6|(a). Since the effective length of one resonant cavity
determines the resonance frequency of the omnidirectional mode, one resonant cavity
will be considered in the calculation as shown in Fig. (b). The considered resonant
cavity consists of one-third of the antenna resonant patch area, one half of reconfigura-
tion module on each side of the patch, two folded shorting strips with a half width. An

equivalent circuit of this resonant cavity can be obtained as described in the following.

As mentioned in Section Chapter 5} the folded shorting stubs and the patch can
be represented as two transmission lines with the corresponding impedance Z; and
Z, obtained from transmission line theory. The impedance Z; is calculated at the var-
actor position and Z, is calculated at the start of the line (at feeding position, in the
center of the circuit). The impedance Z; can be calculated based on the characteristic
impedances Zs, the phase constant 85 and the lengths [;. It is noticeable that, the width
of the new folded stub is a half of the original folded shorting stub (ws; = wsy = W2 /2).
The impedance Z, can be calculated based on Zop, ,Bp, wp and lp. However, since the
considered patch is one third of a disk, this shape need to be approximately trans-
formed to an equivalent rectangular shape with a length (21,) and width (w,). We
assume [, to be a distance from the center of the resonant cavity to the edge as shown

in Fig.|7.6|(b). To calculate the width w), the equivalent rectangular shape is assumed
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Figure 7.6. Calculation process for the antenna working in the monopole mode. Approximated

calculation process for the antenna working in the monopole mode. (a) Antenna with three equivalent
cavities and three magnetic current elements, (b) one aperture with one magnetic current and (c)

equivalent circuit model of one resonant cavity.

to have equal area as the one third of a disk patch. Thus, [, and w, can be calculated

as follow

T
l, = sm(g)R (7.3)
TR?

where R is the patch radius. Again, when the estimation values of I, and w), are ob-
tained, the values of Zy,, B, can be calculated and hence Z;, can now be obtained using
transmission line theory. Based on the transformation of this one-third of the resonant
disk cavity to an equivalent rectangular shape, an equivalent circuit model of one res-
onant cavity can be obtained as shown in Fig.|7.6|(c). Because the feeding position is
placed at the center of the cavity, the equivalent circuit of the resonant cavity can be

divided into two identical branches. The input impedance Z;, can be calculated as a
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function of a hypothetical varactor junction capacitance Cy,; on one branch as high-
lighted in Fig.[7.6/(c). Using the method presented in Section the relation between
the resonance frequency and the hypothetical varactor junction capacitance Cy,r can
be obtained. A good agreement between the antenna resonance frequency calculated
from the equivalent circuit analysis and the one obtained from the CST full-wave sim-
ulation for different hypothetical values of Cy;, is shown in Fig. It is noticeable
that, based on full-wave simulation, it is found that the lowest value of C,,, should
be limited to approximately 0.55 pE. This is because if Cy,r is smaller than 0.55 pF,
the difference between the maximum and minimum gain for the antenna radiation in

xy-plane is more than 3 dB which breaks the monopole-like pattern.
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Figure 7.7. Analysis and simulation results of the resonance frequency in the omnidirectional
mode. Equivalent circuit model analysis and full-wave simulation of the resonance frequency across
different hypothetical values of varactor capacitance while antenna is working in the omnidirectional

mode. Green area: Single varactor capacitance range (from 0.15 to 1.3 pF).

7.4 Antenna designs

It is worth mentioning that, a single antenna with frequency-, pattern- and polar-
ization reconfigurabilities is in principle realizable. To achieve this reconfigurability,
a centered probe feed is required to maintain the radial symmetry of the antenna.

However, obtaining antenna matching in all the radiation modes fed by the probe
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feed is a challenging task. Therefore, two reconfigurable antennas based on combi-
nations of two of the aforementioned reconfigurability modalities are designed in-
stead. The first antenna has frequency- and pattern-reconfigurability with the abil-
ity to switch between omnidirectional and broadside patterns. The second one is a
frequency- and polarization-reconfigurable antenna with operation in broadside radi-
ation mode where the linear polarization can be switched in steps of 120°. At each

radiation mode, the two antennas also exhibit frequency reconfigurability.

7.4.1 Frequency- and pattern-reconfigurable antenna

The general structure of the proposed frequency- and pattern-reconfigurable antenna
is shown in Fig. [7.8| with the dimensions given in the caption. The antenna consists
of a full ground plane, three layers of substrate, a stepped proximity-coupled feed, a
circular patch and three folded shorting strips. The three folded shorting strips are
placed around the patch with 120° angular separation. Three reconfiguration modules

are used to connect the 3 shorting strips to the antenna circular patch.
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Figure 7.8. First antenna configuration. Frequency- and pattern-reconfigurable antenna config-
uration. Dimensions (mm): Ly = 70.0, L, = 6.0, L3 = 9.0, Ly = 14.0, L5 = 10.0, Ls = 10.2,
Wy =70.0, W, =6.0, W3 =75, Wy, =9.0, Ry =22.0and h = 4.8.

The antenna is designed to provide frequency- and pattern-agility by switching be-
tween omnidirectional and broadside radiation modes. A proximity-coupled feed is
selected to provide flexibility in optimization of the antenna impedance matching,

since there are several degrees of freedom in the feed dimensions. Furthermore, the
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feed is modified to a stepped proximity-coupled feed to also excite a higher-order
mode resonating at 5.8 GHz, aiming to enhance the antenna functionalities (as men-
tioned in Chapter [5). However, since the proximity-coupled feed is realized on one
side of the antenna, which breaks the antenna symmetry, this configuration does not

allow realization of polarization agility as discussed in Section [7.2}

As shown in the highlighted areas in Fig. [7.5 and Fig. [7.7] for the two modes, it can
be observed that the widest tuning range is achieved while using one single varactor
MA120H46 with the capacitance ranging from 0.15 to 1.3 pF. Therefore, a reconfigura-

tion module used in the antenna design is similar to the one employed in Chapter 5|

0 V/m Max

1.92 GHz

PR

()
Figure 7.9. Electric field distributions of the first antenna. Simulated instantaneous electric field

distribution of the frequency- and pattern-reconfigurable antenna in (a) broadside, (b) omnidirectional

and (c) higher-order modes.

The electric field distributions of the proposed antenna operating in broadside and om-
nidirectional modes at different values of the varactor capacitance are shown in Fig.
When the antenna is working in broadside mode, the transition from a quarter-wave
radiation mode to a half-wave patch mode is illustrated in Fig. [7.9| (a). Through this

transition, a wide frequency tuning range of 55% (from 1.45 to 2.55 GHz) is achieved.
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When the varactor capacitance of the three modules are tuned simultaneously with the
same voltage, the omnidirectional radiation mode is excited with the three radiation
apertures as displayed in Fig.[7.9| (b). As mentioned, the lowest value of the varactor
capacitance is limited to 0.55 pF to maintain acceptable monopole-like pattern, which
limits the highest resonance frequency in monopole mode to 2.53 GHz. The frequency
tuning range when the antenna is operating in omnidirectional mode is 22% (from 2.1
to 2.53 GHz). The electric field distribution at the fixed frequency of 5.8 GHz corre-
sponds to a higher-order mode, and is shown in Fig.[7.9|(c).

7.4.2 Frequency- and polarization-reconfigurable antenna

The geometry structure of the proposed frequency- and polarization-reconfigurable
antenna is shown in Fig. [7.10| with the antenna dimensions given in the caption. It can
be observed that, the antenna structure is broadly similar to the proposed frequency-
and pattern-reconfigurable antenna, with the notable difference that a centered probe
feed is utilized instead of the proximity-coupled feed. The antenna is designed to op-
erate in the broadside radiation with 0°, 120° and 240° linear polarization. Specifically,
when the varactor junction capacitance of module pairs (2), @), (D, @) and (D, @)
are set to 0.15 pF, the 0°, 120° and 240° linear polarization operation is achieved, respec-
tively. The antenna resonance frequency is tuned by varying the varactor capacitance
of the remaining (third) module. By using the probe feed fixed at the center of the ra-
diating patch, the antenna is radially symmetrical which allows identical repetition of

the linear polarization in all the three directions.

Since the antenna probe feed is fixed at the center of the radiation patch, it is difficult
to achieve input impedance matching. Based on the given range of the single varactor
capacitance, the antenna dimensions are optimized to achieve the widest frequency
tuning range corresponding to a |S11| parameters of less than —10 dB. As a result of
this optimization, the simulated resonance frequency of the proposed antenna can be
tuned from 1.92 to 2.63 GHz (or 31.2%) corresponding to varactor junction capacitances

ranging from 0.94 to 0.45 pF.

7.5 Experimental results

To validate the proposed reconfigurable concepts, the two proposed reconfigurable

textile antennas are fabricated. Flexible and light-weight conductive and non-conductive
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Figure 7.10. Second antenna configuration. Frequency- and polarization-reconfigurable antenna

configuration. Dimensions (mm): L; = 6.0, W; = 6.0, Ry = 33.0, R, = 145 and h = 3.2.

materials are used to construct the proposed body-worn antennas. A Cumming Mi-
crowave PF-4 foam with a loss tangent of tand = 0.0001, a relative permittivity &, = 1.06
and 1.6 mm of thickness is selected for the antenna substrates. All antenna conduc-
tors are made form a silver-coated nylon Rip-stop fabric (Shieldex Nora-RS) with a
sheet resistance of 0.01 (}/square. The antenna parts are glued together using fabric
glue, while the SMA connector is connected to the feed and the ground plane using
conductive epoxy. The two fabricated antennas are displayed in Fig.

10 mm 10 mm

(a) (b)

Figure 7.11. Fabricated multi-functional wearable textile antennas. Two fabricated antennas

with (a) frequency and pattern reconfigurability and (b) frequency and polarization reconfigurability.
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7.5.1 Frequency- and pattern-reconfigurable antenna

The simulated and measured |S;1| parameters of the proposed frequency- and pattern-

reconfigurable antenna operating in the broadside and omnidirectional modes are dis-

played in Fig. (a) and (b), respectively.
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Figure 7.12. Reflection coefficients of the frequency- and pattern-reconfigurable antenna.
Simulated and measured reflection coefficients of the proposed frequency- and pattern-reconfigurable

antenna for selected values of the bias voltage applied to the varactor in (a) the broadside mode and
(b) the omnidirectional mode.

At the lower band in the two radiation modes, a slight discrepancy is observed, which
can be explained by the antenna fabrication tolerances. As expected, when the antenna

operates in broadside mode, the measured frequency tuning range varies from 1.43 to

Page 153



7.5.1 Frequency- and pattern-reconfigurable antenna

2.58 GHz (57.3% fractional tuning range) corresponding to the bias voltage of module
@ tuned from 0 to 18 V. In omnidirectional mode, a fractional tuning range of 27.2%
is achieved while simultaneously varying the three bias voltages from 0 to 2.5V, to
control the three modules. For the higher-order mode at 5.8 GHz, a relatively large
discrepancy between simulated and measured |Sq1| parameters is observed, however
with the target bandwidth (5.275 — 5.875 GHz) still fully covered.

xz-plane xz-plane yz-plane
o 0 .

2.23 GHz T

Y

—— Measured - Co-polarization
—————— Simulated - Co-polarization
—— Measured - Cross-polarization

------ Simulated - Cross-polarization

Figure 7.13. Radiation patterns of the frequency- and pattern-reconfigurable antenna in
broadside mode. Simulated and measured normalized radiation patterns of the frequency- and

pattern-reconfigurable antenna in broadside mode.

The simulated and measured normalized radiation patterns in the xz-plane (H-plane)
and the yz-plane (E-plane) at 1.43, 1.92, 2.23, 2.58, and 5.8 GHz while the antenna is
operating in broadside mode are displayed in Fig. Across the lower band from
1.43 to 2.58 GHz, maximum radiation toward broadside direction is obtained. A con-
ical monopole pattern with a tilt angle of 70° is also observed at 5.8 GHz. Figure
shows simulated and measured radiation patterns in the xy-plane and the xz-plane at
2.0, 2.28, 2.53 and 5.8 GHz for the state where the antenna is operating in omnidirec-

tional mode. Because the antenna is fed by the proximity-coupled feed from its side,
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an asymmetrical pattern in the lower band is observed in xy-plane. A stable radiation
pattern at the higher-band resonance frequency of 5.8 GHz can be observed when the
antenna switches from broadside to monopole modes.

xy-plane xz-plane xy-plane xz-plane
0 ° ° 2.53 GHz "

g &
| ——— Meas. - Co-pol. —— Meas. - Cross-pol. ~ ------ Sim. - Co-pol. ~ ------ Sim. - Cross-pol. l

180°

xz-plane yz-plane

Figure 7.14. Radiation patterns of the frequency- and pattern-reconfigurable antenna in
omnidirectional mode. Simulated and measured normalized radiation patterns of the frequency-

and pattern-reconfigurable antenna in omnidirectional mode.

The simulated and measured realized gains of the proposed antenna in broadside and
omnidirectional modes are shown in Fig. When the antenna is operating in its
broadside mode, the measured realized gain increases from —0.2 to 6.5 dBi. This is con-
sistent with the transition from the quarter-wave mode to the half-wave patch while
decreasing the varactor junction capacitance in broadside mode. The antenna simu-
lated radiation efficiency increases from 40.1% to 96.3% in lower band and reaches
97.6% in higher band at 5.8 GHz. Radiation efficiencies estimated from measurements
of the antenna in broadside mode in the lower band is between 33.2% and 90.3% and
reach a value of 93.2% in the higher band at 5.8 GHz.

Switching to the omnidirectional mode, the significantly lower realized gain compared
to the broadside mode is due to the inherent drawback of low gain of this type of
radiation mode. This is also because of a higher power loss in the varactor at the higher
value of its junction capacitance (0.55 to 1.3 pF in the omnidirectional mode) and the

relative small size of the antenna. The antenna simulated radiation efficiency while
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operating in omnidirectional mode increases from 32.2% to 39.4% while the efficiency

estimated from measurements is between 28.6% and 41.5%.
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Figure 7.15. Realized gains of the frequency- and pattern-reconfigurable antenna. Simulated
and measured realized gains of the frequency- and pattern-reconfigurable antenna in broadside and

omnidirectional modes at various resonance frequencies.

7.5.2 Frequency- and polarization-reconfigurable antenna

A good agreement between the simulated and measured reflection coefficients for
0°, 120° and 240° linear polarization at different values of bias voltage is shown in
Fig. Due to the difficulties in obtaining S1; < —10 dB impedance matching in
all polarization angles, the bias voltage is limited within the range of 1 to 3.8 V which

corresponds to a resonance frequency tuning range from 1.9 to 2.62 GHz (31.9%).

The simulated and measured normalized radiation patterns of the proposed antenna in
broadside modes for 0° linear polarization at 1.9, 2.34, 2.45 and 2.62 GHz are shown in
Fig. The typical PIFA radiation pattern with wide beamwidth toward broadside
direction across all resonance frequencies is observed. The simulated and measured
realized gains of the antenna for 0° linear polarization at 1.9, 2.34, 2.45 and 2.62 GHz
are shown in Fig. Based on the simulated antenna efficiency ranging from 41.6%
to 72.7%, the radiation efficiency estimated from measurement of the antenna increases
from 38.2% to 64.6%.
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Figure 7.16. Reflection coefficients of the frequency- and polarization-reconfigurable an-
tenna. Simulated (dash lines) and measured (solid lines) reflection coefficients of the frequency-

and polarization-reconfigurable antenna for selected values of the bias voltage applied to the varactor.
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Figure 7.17. Radiation patterns of the frequency- and polarization-reconfigurable antenna.
Simulated and measured normalized radiation patterns of the proposed frequency- and polarization-

reconfigurable antenna for 0° linear polarization at 1.9, 2.34, 2.45 and 2.62 GHz.

Using a linearly polarized receiver antenna, the proposed antenna polarization recon-
tigurability can be experimentally characterized. The proposed antenna is mechani-
cally fixed on a turn table before its linear polarization is switched by tuning the bias

voltage to control the varactors on the three reconfiguration modules. For each angle
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Figure 7.18. Realized gains of the frequency- and polarization-reconfigurable antenna. Sim-
ulated and measured realized gain of the frequency- and polarization-reconfigurable antenna for 0°

linear polarization.
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Figure 7.19. Measured maximum realized gains of the frequency- and polarization-
reconfigurable antenna for all linear polarization angles. Measured maximum realized gains

of the proposed antenna for 0°, 120° and 240° linear polarization at different receiver angles.

of linear polarization, the receiving antenna is rotated by 360° in steps of 20°. The max-
imum realized gain of the proposed antenna for 0°, 120° and 240° linear polarization
at different receiver angles are shown in Fig. As expected, the maximum realized
gain appears when the receiver is rotated to the angle that matches the correspond-
ing linear polarization states. The slight difference at the peak gain between the linear

polarization states can be explained by the imperfection of measurement setup.
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7.6 Conclusion

In this chapter, two multi-functional reconfigurable wearable textile antennas have
been proposed. The first antenna can switch its pattern between broadside and om-
nidirectional radiation patterns, and in each of these radiation modes, the frequency of
operation can be reconfigured as well. The fractional tuning range of the first antenna
working in broadside and omnidirectional modes are 57.3% and 27.2%, respectively. It
also excites a fixed higher-order mode with its resonance frequency at 5.8 GHz. This
higher band operation in the 5.8 GHz ISM band extends the antenna functionality. The
second antenna exhibits a broadside radiation pattern with the ability to switch be-
tween 0°, 120° and 240° linear polarization. In each state of linear polarization, the
resonance frequency can be also reconfigured over a tuning range of approximately
31.9%. Equivalent circuit models have been used to elucidate the proposed antenna
working principle. The two proposed antennas have been designed, fabricated and

experimentally characterized to validate the operation concepts.
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Chapte

Modular Integration of an
RFID Sensor with
Wearable Antennas

HIS chapter initially presents a novel integration and modular-

ization solution for a passive computational radio frequency iden-

tification (RFID) module dedicated for wireless patient monitor-
ing. In the proposed integrated configuration, all the electronic components
are encapsulated within the cavity of a textile antenna. This forms a com-
pact protected embodiment suitable for concealment in a hospital garment,
with the aim of being unobtrusive to older patients. In addition, modular-
ization of the sensor and textile antenna is introduced through a convenient
snap-on attachment method for the computational RFID module. Several
wearable modular antennas with a wide —10dB bandwidth aiming to cover
the UHF band from 920 to 926 MHz are fabricated and measured. The com-
pleted sensors with a combination of the wearable antennas and the RFID

module are implemented and tested to validate the design concepts.

In the second part, the effect of the gap in-between a wearer and a wear-
able antenna operating at 923 MHz is investigated. Due to a high isolation

provided by a ground plane, the resonance frequency of the antenna is only

slightly altered. The antenna gain and communication range increase to the
highest value at a quarter-wave length gap between the antenna and the

human body, then decrease when the antenna is moved further.
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8.1 Introduction

Modern RFID technology is taking an increasingly important role in a wide range
of applications such as structural monitoring [180], item tracking [181] and health
care [182]. An important application domain is the use of computational RFID tech-
nologies such as the Wireless Identification and Sensing Platform (WISP) and Wearable
WISP (W?2ISP) [183] that integrate sensors such as accelerometers with on-board com-
puting capability for wireless monitoring of hospitalized older patients. This approach
can be deployed to address concerns such as real-time bed-egress for falls prevention,
location tracking and gait analysis [184-189]. Computational RFID technologies enable
overcoming some of the most prevalent obstacles in older patient care applications us-
ing traditional sensors: Firstly, battery-powered sensor packages are bulky since the
battery elements add significantly to their size and weight. Secondly, batteries require
maintenance tasks such as replacements or recharging to enable continuous wireless

patient monitoring [[190-193].

Constructing a practicable computational RFID based batteryless, wearable sensor is
challenging. This demands a robust and secure integration of a RFID circuitry module
comprising of computing and sensing components with a flexible antenna. Typically
the antenna is comparatively larger in size due to the low operating frequency and
high performance demands. Ideally, the integration should lead to a compact, small

form factor system-in-package capable of meeting wearable application requirements.

There have been several methods reported to integrate the electronics and the antenna
together to realize an RF system in a single rigid package [38-40,194-196]. These so-
lutions usually deployed a stacked structure where the antenna was located immedi-
ately on top of the electronics, as shown in Fig.[8.1| (a). In order to provide shielding
to the integrated circuit (IC) components from unwanted interactions with the radi-
ators, various approaches have been proposed including additional ground planes
combined with fences of vias [38-40,(194, 195] (see Fig. (b)) or stacked patch con-
tigurations [196]. However, these integration methods increase the overall profile of

the device and the complexity of fabrication and maintenance.

For wearable electronic systems, flexible UHF-RFID antennas capable of meeting wear-
ability requirements have been designed [87,197,[198|], however, they are generally suit-
able for integration with millimeter-scale ASIC (Application Specific Integrated Cir-
cuit) RFID modules used in identification applications. Extending these designs with

connection strategies to couple to a significantly larger computational RFID module,
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Figure 8.1. Package-level integrated antennas based on LTCC technology. Package-level
integrated antennas based on LTCC technology (a) integration configuration and (b) expanded view

of the proposed antenna. The images were adopted from .
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Figure 8.2. Wearable flexible antenna with integrated energy harvester. Wearable flexible
antenna with integrated energy harvester (a) top 3-D view and (b) cross-view of the tag including

wearable antenna and sensor. The images were adopted from [132].

such as in W2ISP, leads to sensor packaging prone to be problematic for daily on-body
wearing conditions whilst the electronics require separate protections. Although in-
tegration approaches for flexible antennas and electronics were reported in [132,[199],
they usually placed the electronic components on the immediate periphery of the wear-
able antennas. An example of a wearable flexible antenna with an integrated energy
harvester integrated circuit is shown in Fig. As a consequence, the electronics
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remained exposed under on-body working conditions and required further protec-
tions whilst adding to increase the overall form factor of the device. Additionally, the
electronics were bonded permanently to the antennas, which limited the capability for
re-using, recycling or appropriately disposing of components. It is therefore highly
desirable to co-develop a wearable antenna and a corresponding antenna-electronics
integration method to realize a system-in-package solution providing: (i) compactness;
(ii) robust connections between the antenna and the electronics; and (iii) secure protec-

tions for the electronics module.

In the first part of this chapter, a novel integration strategy to fully integrate a com-
putational RFID module with relatively large size into an antenna resonant cavity is
proposed. This helps to securely protect the RFID module while using in the harsh on-
body operating environment. Additionally, since the large electronic components are
unobtrusive, the wearer’s comfort is enhanced [200]. Furthermore, based on an inter-
changeability of metallic snap-on buttons as presented in Chapter 3, modularization of
the sensor and textile antenna is introduced. This is in harmony with simple assembly
techniques and facilitates maintenance. Importantly, the resulting customizable con-
tigurations, for example, in terms of antenna form factor and materials, can be tailored
to suit application requirements, such as performance and disposability. The exper-
imental results demonstrate that the proposed wireless wearable sensor can operate
with an antenna broadside gain of 2.74 dBi within a wide bandwidth extending over
893-964 MHz to support seamless worldwide operation across the ultrahigh-frequency
(UHF) ISM bands. The wearable sensor embodiment characterized in the context of a
monitoring system attains excellent performance in terms of received signal strength,

data read rate, and batteryless operational range.

Utilizing the wearable antenna and the complete sensor proposed in the first part, the
effect of air gap in-between the antenna and a wearer is investigated in the second
part of the chapter. The change of antenna resonance frequency with human body
phantom in vicinity is firstly considered. The antenna gains according to different
gaps in-between the antenna and the phantom are simulated and measured in an ane-
choic chamber. Based on the measured antenna gains, the communication ranges of
the antenna with integrated RFID module are estimated and measured to confirm the
body-to-antenna gap effect of the antenna gain. It is found that, the antenna gain is
increased with the wider gap in-between the antenna and human body and reaches

the highest value at a quarter-wave length gap.
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8.2 Modular integration of a passive RFID sensor with

wearable textile antennas

In this first part of this chapter, a system-in-package wearable sensor construction
based on a new integration and modularization method is conceptualized for a wear-
able textile antenna and electronics. The concept, as shown in Fig. provides two
key unique advantages. First, the novel integration method allows the computational
RFID module to be completely integrated into the resonant cavity of a flexible textile
planar inverted-F antenna (PIFA). This permits embedded and secure protection for the
electronics from the dynamically changing wearing conditions. The second noticeable
feature of the concept is the modularization, which facilitates robust interchangeable
electrical and mechanical snap-on connections between the electronics and different
antenna modules. This enables various configurations with customizable modular an-
tenna designs for meeting different application requirements such as convenient re-
use, recycling or disposal of components. It is believed that, these two main distinctive
advantages have not been investigated before in literature. The results presented in

this section have been published in [48].

Passive
computational

[ RFID module
Wearable

PIFA antenna

Wearable sensor

Hospital garment

S~~~ ¥

Figure 8.3. The proposed integration and modularization concept. The proposed integration
and modularization concept and one of its practical application: encapsulating the computational
RFID module into a flexible textile antenna to form a compact wearable sensor, which can be inserted

into a hospital garment pocket.
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8.2.1 Monitoring system requirements

System configuration

A typical patient monitoring system configuration based on a wearable RFID sensor
is shown in Fig. [185]. The three primary components of the system include a
batteryless wearable sensor containing a computational RFID module (referred to as
“RFID module” henceforth for simplicity) and its antenna, a reader with transceiving
antennas and a back-end-system. The focus of this work is on the integration and

modularization of the RFID module and its antenna.

Dat -
RFID ata Back-end
‘ E Reader System
Wearable
RFID sensor

/ Notification

Response %
<—

Figure 8.4. Patients monitoring system based on wearable RFID sensor. Patients monitoring

system based on wearable RFID sensor for bed-egress and chair-egress movements detection of older

patients in hospital ward rooms.

In a patient monitoring application, the wearable sensor is used to detect bed-egress
and chair-egress movements of older patients in hospital ward rooms [185}[186]. The
RFID module includes an accelerometer for capturing patient movement information
such as lying to sitting, sitting to lying, or sitting to standing. The RFID reader inter-
rogates and energizes the sensor and receives the reflected signal with the movement
information from the wearer. The received signals are processed and stored in the
back-end system. It is important to carefully select the RFID reader antenna position

to maximize the coverage of the sensor in the monitored room.
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Wearable sensor design requirements

As reported in [201] and [202], for an effective deployment where sensors are likely
to be accepted by older people, wearable sensors are expected to be small, flexible,
lightweight and preferably batteryless. Therefore, several important requirements need
to be considered while identifying an appropriate integration solution and designing

a corresponding modular antenna for the RFID module [203].

* Materials: Flexible and light-weight materials are chosen to realize the antenna
for the RFID module. This is paramount to wearability for older patients, with
the sensor being preferably mounted on the clothes or integrated as a part of
them. A low cost of the antenna is also required for mass deployment in hospital

environments.

¢ Form factor: The size of the antenna is expected to be as compact as possible,
however keeping in mind a favorable trade-off between antenna miniaturization

and acceptable performance.

* Form factor: The size of the antenna is expected to be as compact as possible,
however keeping in mind a favorable trade-off between antenna miniaturization

and acceptable performance.

* Reliability: The wearable sensor is required to maintain acceptable performances
under different operation conditions such as bending of its antenna to follow
body movements. Thus, it is highly desirable to protect the RFID module in
a secure way. Additionally, the connection between the antenna and the RFID
module needs to be robust. Last but not least, a wideband antenna is preferable

to maintain satisfactory operation under bending conditions.

* Operation frequency: The sensor is working in the UHF band of the ISM band,
which extends from 920 to 926 MHz in Australia (as regulated by the Australian

Communications and Media Authority).

* Antenna input impedance: The RFID module’s input impedance is 78 + 16j ),
hence its antenna should be ideally designed to have a conjugate input impedance
of 78 - 16j (). For simplicity of design and simulations, the input impedance at
the feeding port can be approximated at 78 () instead of 78 — 16j () since the

impedance mismatch is inconsequential.
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* Read range: The proposed antenna needs to enable an appropriate read range
for patient monitoring. The read range can be estimated for impedance-matched

antennas by using the classical Friis transmission equation [204]
4rtd
Pr = Pr — ZOZOg(T) + Gt + Gr — Lp, (8.1)

where Pr = 30 dBm is the power transmitted by the reader antenna, A = 324.8
mm is the wavelength in free space at 923 MHz, Gt = 6 dBi is the realized gain
of the reader antenna, Gg is the realized gain of the tag antenna, and Lp = 3 dB
is the polarization loss which is caused by the polarization mismatch between
the circularly polarized (CP) reader antenna and linearly polarized (LP) sensor
antennas. Pg = —9.5 dBm is the minimum power required to turn the sensor on.
Compared to achieved read ranges of 3 and 4 m demonstrated in [88] and [65]

respectively, a competitive read range of at least 4 m is targeted here.

8.2.2 Integration and modularization

Integration approach

The main idea of the proposed integration solution is to co-design a low-profile low-
Q-cavity-based antenna and an appropriate embedding approach for the electronics,
aiming to integrate the RFID module totally inside the antenna cavity. By doing this, a
compact sensor structure promoting sturdy protection for the electronics as well as ro-
bust antenna-to-electronics connection can be achieved. A low-Q antenna is required
so that it is insensitive to and does not affect the embedded electronics. The detailed
configuration of the proposed integration solution is illustrated in Fig. and de-

scribed in the following.

The RFID module is fully integrated inside the resonant cavity of the textile antenna
and excites the antenna using metallic snap-on button connections. Commercial snap-
on buttons have proven to be suitable as mechanical and RF connectors for textile an-
tennas, with demonstrations showing that they can maintain satisfactory performance
up to 10 GHz [28)[133]. As illustrated in Fig. two male snap-on buttons are directly
soldered to the two terminals of the antenna port of the RFID module. The top termi-
nal is electrically connected to the antenna top layer by engaging the male button with
its female counterpart, whereas the bottom terminal connects to the antenna ground
plane in the same way. This configuration allows a detachable and attachable antenna-

to-electronics connection. The antenna substrate thickness should be sufficiently large
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to accommodate the RFID module. The bottom female snap-on button is sewed onto
the ground plane using conductive threads for a permanent RF connection. The top fe-
male button is firmly affixed to the antenna top metal layer through the pull force from
the engaged male button on the RFID module, noting that the required disengaging
force is approximately 3 N [88].

Top female Antenna top layer
snap-on button ' ' ¢

Male snap-on v v

button — Antenna feed
[l

Substrate 4
Substrate RFID module

Substrate /

7
Antenna cavity Male snap-on/g/v

S
button M v X /
A

Antenna Bottom female Male snap-on
ground plane snap-on button buttons
(a) (b)

Figure 8.5. Configuration of the proposed integration solution. (a) Configuration of the
proposed integration solution, and (b) the RFID module with two male snap-on buttons soldered as

the antenna feed.

Antenna design

The chosen antenna topology is a PIFA which has a low-Q cavity with open boundaries
on its sides. Importantly, it combines compactness, low profile and wide bandwidth
features [135]. Additionally, a PIFA rests on a ground plane which is critical to mini-
mize back radiation and interaction with the human body [64].

A general structure of the proposed antenna is illustrated in Fig. showing the
ground plane, a substrate with 3 layers of foam, a quarter-wave patch and a short-
ing wall. A highly flexible and light-weight Cumming Microwave PF-4 foam with a
thickness of 1.6 mm, relative permittivity ¢, = 1.06 and loss tangent tand = 0.0001 is
selected as substrate material. A biocompatible, flexible and highly electrically con-

ductive silver-coated nylon Rip-stop fabric with a sheet resistance of 0.01 ()/square
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Figure 8.6. General structure of the proposed antenna. General structure of the proposed
antenna. (a) Top view, (b) side view, and (c) antenna configuration. Dimensions (mm): L; = 115.0,
Ly =3.0m, L3 =63.0, Ly =12.0, Ls = 36.3, Ly = 25.0, W; = 32.0, W, = 24.0, W3 = 8.0, W, = 20.0
and h = 4.8.

is adopted to realize the ground plane, quarter-wave patch and shorting wall. The

proposed antenna is simulated using CST Microwave Studio 2018.

A rectangular hole is cut in the middle substrate to tightly fit the RFID module. This

hole combined with the two female snap-on buttons help to perfectly maintain the
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module immobile inside the antenna. The top substrate and quarter-wave patch both

have matching holes for the top male snap-on button pin to go through.
The resonance frequency of a PIFA can be approximately calculated as [85]
€0

f= 4(L3+L4+W1—W2—h)\/5
where ¢y is the velocity of light in free space, L3 and W; are the length and width of

(8.2)

resonant patch, W, is the width of the shorting wall, h and ¢, are the thickness and rela-
tive permittivity of the substrate. Equation indicates that the resonance frequency
is broadly inversely related to the radiation patch size and the square-root of the rela-
tive permittivity. It is also noted that reducing the shorting wall width decreases the
resonance frequency. In this concept, the shorting wall is designed slightly narrower
than the antenna width by 8 mm (4 mm on each side), as displayed in Fig. (c) to
decrease the patch area while still providing a strong mechanical support for the an-
tenna. Considering the trade-off between antenna gain and size, this antenna has been

parametrically optimized using CST to the dimensions listed in the caption of Fig.

¢ Feeding design: In simulation, a discrete voltage port vertically connected be-
tween the patch and the ground is used to feed the antenna. As one of the
most fundamental criteria for our antenna design, an appropriate antenna feed-
ing point to achieve approximate impedance matching at the operating frequency
at 923 MHz is found through simulation and it sets the locations of the snap-on

buttons.

¢ RFID module integration position: The best location to load the RFID module
as shows in Fig. is determined based on several reasons. Firstly, placing the
electronics close to the shorting wall contributes to the robustness of the sensor,
due to the mechanical support offered by the shorting wall. Secondly, the length
orientation of the module is the same as the one of the antenna which minimizes
the space requirement for integration. Finally and most importantly, the chosen
location close to the shorting wall lowers the risk of interference between the an-
tenna and the module within the antenna cavity. This is illustrated in Fig. the
E-field strength becomes weaker when it is closer to the shorting wall. Taking ad-
vantage of this feature of PIFAs removes the need for further shielding methods
to protect the RFID module from interferences. Figure 8.8 shows the simulated
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antenna reflection coefficients with and without the module in the cavity, illus-
trating that the IC has an insignificant effect on the matching. The IC position

and the detailed connection between the antenna and the RFID module is shown
in Fig.[8.9]

RFID module
location
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Figure 8.7. Exploded view of the electric field distribution inside the antenna cavity. Exploded

view of the electric field distribution inside the antenna cavity.
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Figure 8.8. Simulated reflection coefficients of the antenna. Simulated reflection coefficients

of the antenna with and without the integrated IC.

— Patch geometry: The antenna is designed to have a rather elongated shape
so that it can be easily fitted in a small pocket. Furthermore, the corners near
the open patch aperture are cut for practical considerations as explained in
the following: In order to allow attaching/detaching the module into/out

of the antenna, the top substrate needs to be opened, as shown in Fig.|8.9|(a).
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In practice, the use of fabric glue to connect the top substrate to the middle
one is therefore not appropriate, as it prohibits the electronics from being
interchangeable. Therefore, the antenna patch is cut at its two open cor-
ners to leave the space to accommodate two pairs of plastic snap-on buttons.
These plastic buttons provide a detachable/attachable fastening fixture for
the antenna cavity without affecting the antenna performance. The practical

sensor with these snap-on buttons as fixture is shown in Fig.

/ 1 / - '
(i) (iii)

(i)

(a) (b)
I (i) Sewed bottom female snap-on button
(iv) (i) RFID module

(iii) Soldered male snap-on buttons
(iv) Top female snap-on button
(©

Figure 8.9. Integrated sensor implementation. Integrated sensor implementation: (a) An an-
tenna without a RFID module, (b) integrating the RFID module into the antenna, and (c) completed

sensor with the top substrate closed.

¢ Extended ground plane: Besides an effect of isolating the antenna from the body
[205], an extended antenna ground plane can also contribute significantly to widen
the bandwidth of PIFAs [206]. As illustrated in Fig. the longer the ex-
tended ground plane is chosen, the wider the antenna bandwidth becomes. A
sufficiently wide bandwidth is desirable to ensure that the antenna will operate
within the system-specific bandwidth under different working conditions. How-
ever, considering the trade-off between the bandwidth and the antenna size, an

extended ground with a length Ls = 36.3 mm has been selected for this typical
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Figure 8.10. Modular antenna fabricated using a felt substrate. Modular antenna fabricated
using a felt substrate. (a) The top substrate is open showing the two plastic female snap-on but-
tons, and (b) completed sensor with the top substrate closed with plastic male snap-on buttons as

mechanical fixtures.

modular antenna design, which provides an impedance bandwidth of approxi-

mately 7.6%, thus generously covering the required bandwidth of 0.65%.

0 T T T T T T T
5EF i
A -10 -
2
A .15t —— L5=31.3mm f
— [5=36.3 mm
20 ~«_ Ls — Ls=413 mm {
— [5=46.3 mm
_25 1 1 1 1 1 1 I I T
0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5

Frequency (GHz)

Figure 8.11. Reflection coefficients with different extended ground plane length. Simulated

antenna reflection coefficients with different extended ground plane length (Ls).

* Specific Absorption Rate (SAR): The simulated SAR of the proposed antenna for
500 mW input power at 923 MHz is 1.24 W /kg which is below the limit of 2 W /kg
for 10 g of tissue [207]]. Furthermore, considering that the output power of a 16-bit
low power microcontroller (MSP430F2132) inside the RFID module is 0.55 mW
[208], the effect of back radiation to the wearer is deemed to be negligible.
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Modularization

An utilization of snap-on buttons in the integration process allows to easily and re-
peatedly attach/detach the rigid electronics into/out of the flexible antenna [37]. It
therefore allows convenient interchange of customized antennas for different system
requirements. To demonstrate the modularity of the concept, we have considered three
alternative ways to apply the sensor to a disposable hospital garment, with two real-
izations based on a reusable antenna while the other considers disposable antennas.

This section describes the pros and cons of each method.

¢ Reusable antenna: For reusable implementation of the antenna, a purpose-made
pocket is added to the garment to accommodate the sensor. Figure [8.12] shows
the integration of the sensor in such a pocket for chest area placement [5]. It
is emphasized that the pocket can also be sewed on other locations of the gar-
ment such as the shoulder area. Figure illustrates two typical on-body cases
with the sensor placed either on the chest or the shoulder where the reader an-
tenna is mounted on side wall or on the ceiling respectively. When the garment
is changed daily, the sensor can be removed from its pocket and placed into new
clothes. This method is simple as it only requires a pocket with appropriate di-
mensions sewed onto the garment. However, the number of sensor re-usage will

be limited as it can be damaged by manipulation or patient’s movements.

(b)

(@) (©)

Figure 8.12. Sensor in a hospital gown. Sensor in a hospital gown. (a) Disposable hospital

garment with the pocket for sensor, (b) sensor inserted in to and (c) completely in the pocket.
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Integration and modularization

(a) (b)

Figure 8.13. Two practical on-body cases of using the sensor. On-body cases: (a) Sensor

placed on the garment chest area while the reader antenna is mounted on the side wall, and (b)

Sensor placed on the garment shoulder area while the reader antenna is mounted on the ceiling.

High gain antenna: The practical RFID system setups available in this project
have been previously shown in [209] with two different room sizes 3.3 m x 4 m
and 4 m x 5 m. A minimum of three RFID reader antennas has been proven
to fully cover the larger room. A solution to reduce the number of RFID reader
antennas, or alternatively to expand usage to larger rooms is to increase the read
range of the RFID sensor by improving the antenna gain. For demonstration,
we aim to achieve a read range of 5.5 m corresponding to common hospital
room sizes. Based on equation (8.1 the required antenna gain is then approxi-
mately 3.7 dBi. To achieve this gain in the considered topology, an antenna with
nearly double width is necessary. It is noticeable that even with the larger area of
125 mm x 60 mm, the sensor remains more compact than the one reported in [65]

which required a 200 mm x 200 mm extended ground plane.

Disposable antenna: An alternative solution is utilizing disposable antennas. In
this scenario, the antenna can become part of the disposable hospital garments
by being sewed directly onto the garment. After daily use, only the RFID module
will be detached and re-used with a new antenna on a new garment. To ensure
the disposability, the antenna materials need to be as low-cost as possible while

maintaining acceptable antenna performance.

Felt has been proven to be an appropriate substrate combining low cost, flexibil-
ity and robustness [64,136,210]. It can therefore be an economical replacement

for PF-4 foam. The selected felt substrate has a thickness of 1.8 mm, relative
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permittivity e, = 1.2 and loss tangent tand = 0.025. Due to the overall thicker sub-
strate, a wider bandwidth can be achieved, however at the cost of a slightly more

voluminous antenna compared to the counterpart using PF-4 foam.

8.2.3 Experimental results

For demonstration of interchangeability of the proposed integration solution, three
typical modular antennas with different size, gain and materials are experimentally
characterized. These antennas include a narrow foam antenna designed for small hos-
pital rooms, a wide foam antenna with a higher gain for large rooms, and an antenna
made of felt for disposability, as depicted in Fig. These three wearable antennas
are characterized in isolation first, before being tested with the RFID module to assess

their system performance.

(2) (b) (©)

Figure 8.14. Three fabricated modular antennas. Three different fabricated modular antennas.

(a) Narrow foam antenna (b) wide foam antenna, and (c) felt antenna.

Modular antennas fabrication

The antenna conductive parts are accurately cut from the metallized fabric using a laser
milling machine (LPKEF: Protolaser S). To ensure seamless electrical patch-to-ground

connection with mechanical robustness, the antenna patch, shorting wall and ground
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plane are realized as one piece of conductive fabric. This conductive piece is then
precisely folded (as shown in Fig. before being attached to the substrates to form
a completed antenna. Slits are cut through the three substrates to allow the shorting
wall to go through. For antennas using smooth-surface foam material, all antenna
parts are able to be glued together using fabric glue (Tiger Grip from Helmar). In
contrast, due to the rough surface of felt material, the various antenna parts are sewed
together using cotton threads, except for the top substrate which is attached to the rest

of antenna using plastic snap-on buttons.

Ground plane Radiation patch

ol

Shorting wall
(a)

(b) (©)

Figure 8.15. Fabrication process of the antenna conductive parts. Fabrication process of the
antenna conductive parts: (a) the antenna conductive parts are cut as one piece of metallized fabric,

(b) folding process, and (c) completed antenna conductive layers.

Antennas performance

The antenna performance measurements were carried out by connecting the center
pin and the outer conductor of a 50 () coaxial cable to the patch and ground plane
respectively using a pair of male snap-on buttons. By using this feeding method, the
antenna top substrate and radiation patch are consequently lifted up to accommodate
the coaxial cable (see an inset in Fig.[8.16). It is confirmed by simulations that, with the
50 ) coaxial cable feeding the antenna from the side, the operating frequency is slightly
shifted to 927 MHz compared to 923 MHz while using 78 () discrete port (as shown
in Fig. [8.16). It is therefore appropriate to experimentally characterize the antenna
performance using the 50 () coaxial cable without changing the antenna dimension.
For brevity, only the results for the narrow foam antenna are explicitly presented in

full, while the other results are summarized in tables.
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Figure 8.16. Reflection coefficents of the smallest foam antenna. Measured and simulated
reflection coefficients of the smallest foam antenna. Inset: Antenna under test with a coaxial cable

connected to a VNA.

Table 8.1. Reflection coefficients of the three antennas. Reflection coefficients of the three

considered antennas

Measured frequency (MHz) Bandwidth (MHz)
Antennas
Free-space On-body Free-space | On-body
Narrow foam 921 938 893 — 964 895 — 980
Wide foam 922 930 877 - 966 | 882 - 970
Felt 923 935 860 — 1051 | 877 — 1065

* Reflection coefficient: The simulated and measured reflection coefficients of the
smallest foam antenna are displayed in Fig. The measured center frequency
and impedance bandwidth of three antennas are listed in Table 8.1} showing that
the antennas in free-space cover the UHF ISM Australian band (920 - 926 MHz). A
discrepancy occurs when placing the antenna on the human body, with the 10-dB
impedance bandwidth being shifted upward. Nevertheless the whole required

frequency band is still covered with sufficient margin.

¢ Radiation pattern and gain: The simulated and measured radiation patterns of
the narrow foam antenna in the xz-plane (H-plane) and yz-plane (E-plane) at
923 MHz under free-space and on-body conditions are shown in Fig. In
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on-body condition simulation, a human body model with relative permittivity
g, = 26 and loss tangent tand = 0.3 is employed. These material characteristics
are similar to those of a human body phantom TORSO-OTA-V5.1 from SPEAG,
as used in measurement. The antennas are placed at the distance of 5 mm from
the human body which is slightly larger than the usual 3 mm distance. This is to
take into account the fact that one-size-fit-all hospital gowns are normally larger
than the patient body size for comfort and simple supply. The simulated and
measured gain of three antennas in free space and on-body conditions are listed
in Table The discrepancies between simulation and measurement results are

due to the imperfection of fabrication and experimental uncertainties.

Free-space
X
45° z;_,,y
z
90° 270°
923 MHz
— Meas - Co-pol |,
- - - Sim - Co-pol
—— Meas - X-pol
- - - Sim - X-pol
90° 270°
On human
phantom

Figure 8.17. Radiation patterns the smallest foam antenna. Measured and simulated normalized

radiation patterns the smallest foam antenna in free space and on a human phantom.

Sensor performance

Section has illustrated that the proposed antenna performance is acceptable when

measured without an integrated RFID module. In this section, the performance of
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Table 8.2. Realized gains of the three antennas. Simulated and measured realized gains of the

three considered antennas

Free space gain (dBi) On-body gain (dBi)
Antennas
Simulated | Measured | Simulated | Measured
Narrow foam 2.94 2.74 2.17 2.33
Wide foam 3.81 3.75 3.41 3.23
Felt 2.70 2.61 1.92 1.75

the modular antennas with its integrated electronics in practical applications is inves-
tigated to validate the design. Several important system parameters measuring the
wearable sensor performance are evaluated, namely the received signal strength indi-
cator (RSSI), read rate and read range. These parameters are obtained using an Impin;j
Speedway R420 RFID reader. To minimize the environmental effects on the device
performance, the measurements are conducted in the controlled environment of an
anechoic chamber. For comparison, we also measure the sensor reported in [65] in

identical test conditions.

* Receive signal strength indicator: The RSSI indicates the power level of the re-
turned signal from the sensor detected by the reader. The RSSI values are mea-
sured at different distances between the reader and the sensor from 0.5 to 2.0 m
without human body in its vicinity. The RSSI values of the three proposed sen-
sors and the design in [65] are compared in Fig. The results indicate that all
of the three proposed sensors receive stronger signals than that of the previous

sensor.

* Read rate: The sensor read rate is the number of successful individual read by
the RFID reader per second. The read rate will vary with the level of transmitted
power. A read-rate measurement is taken at a fix distance of 1 m between the
antenna and RFID reader. As clearly seen in Fig. all the three considered
antennas provide significantly better read rates than the previous design when
the transmit RF power level is higher than 18 dBm. It is noted that all of the
sensors are unreadable when the transmit power level is below 18 dBm for the

chosen distance.
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Figure 8.18. RSSI versus distance in the anechoic chamber. Measured RSSI versus distance in

the anechoic chamber without a human body in vicinity. Inset: Measurement setup.
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Figure 8.19. Read rates versus transmitted power. Measured read rates versus transmitted

power at a fixed distance of 1 meter in the anechoic chamber without a human body in the vicinity.

* Read range: The sensor read range is defined as the maximum distance from the
RFID reader to the sensor for which successful communication between them is
established. In this study, the read range is measured when the sensor is operated
with and without the human body in proximity. The read range is also tested un-
der two different measurement setups where the reader is either mounted on the
chamber wall or its ceiling, denoted as Case 1 and Case 2 respectively. These

two cases correspond to two most suitable positions for the sensor on the human
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body, which are on the chest and on the shoulder areas. The measurement setups
and the corresponding maximum measured read ranges of the narrow foam an-
tenna are shown in Fig.[8.20)(a) and Fig.[8.20(b). As shown in Fig.[8.20[a) for Case
1, the measured maximum read ranges are 4.5 and 4.2 m for the free-space and
on-body conditions, respectively. These results are in good agreement with the
calculated read ranges based on (8.1). For Case 2 as depicted in Fig.[8.20(b), the
sensor is measured while the reader antenna is mounted on the ceiling at a height
of 2.2 m above. In this case, the maximum read range suggests that the sensor can
function within a circle of 2.5-m and 2.1-m radius centered at the reader antenna,
for the free-space and on-body conditions respectively. The detailed read range

values of all three antennas for these two measurement setup cases are listed in

Table[8.3
Sensor Anechoic Chamber
Reader
Antenna
3
e
Read range = 4.5 m (free space)
Read range = 4.2 m (on body)

(@)

Anechoic Chamber % Reader

o™ N Antenna
N

|
|
i
é\& ” 'h=22m
i
|

Sensor d =2.5m/ 2.1 m (free space/ on body

(b)

Figure 8.20. Read range measurement setup. Read range measurement setup. The reader
antenna is mounted on (a) the side wall and (b) the ceiling of the chamber. Typical 3D radiation

patterns of the antenna worn on the body for corresponding scenarios are displayed in the insets.
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Table 8.3. Read range of the three antennas. Read range results of the three considered antennas

Read range in case 1 (m) | Function circle radius (d) in case 2 (m)
Antennas
Free space On body Free space On body
Narrow foam 4.5 4.2 2.5 2.1
Wide foam 5.4 5.2 3.7 3.5
Felt 4.1 3.7 2.2 2.0

8.2.4 Summary on a modular antennass with integrated RFID sensor

The first part of this chapter has proposed a solution to fully integrate a computational
RFID module into a modular wearable textile antenna. Compared to the designs where
the electronics are placed on the periphery of the antenna, the proposed configuration
with the electronics completely inside the antenna cavity leads to a smaller and more
robust sensor. Additionally, the modularized design allows conveniently interchang-
ing customized antennas for different applications. To validate the integration and
modularization concept, three different modular antennas dedicated for three typical
applications have been modeled, fabricated and experimentally characterized. As ex-
pected, all the fabricated sensors have demonstrated excellent performance in the sys-
tem, either integrated into a reusable or a disposable antenna. The proposed concept
enables a concealed integration of the whole sensor into the garment, which can con-

tribute to improve end-users’ perception and technology acceptance by the patients.

8.3 Body-to-antenna gap effect on the wearable antenna

performance

The UHF textile antenna and the completed sensor proposed in Section 8.2|are highly
promising to be used in hospitals as patient monitoring devices due to their advanta-
geous features. The monitoring sensor can be easily integrated into a hospital garment
as demonstrated in Section However, UHF antennas are affected more signifi-
cantly by the human body than the antennas operating at higher frequencies, because
the free-space wavelength is comparable with the human body parts on which the an-

tennas are mounted [136].
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Considering the dynamic nature of wearing operation conditions, the performance of
wearable antennas is impacted by a number of detuning effects including bending
or crumpling as well as moisture effects [210,211]. For health-care monitoring in a
hospital environment, patients typically wear gowns which are usually one-size-fit-
all. This will cause the spacing between the antennas and the patient’s body to vary
significantly with body movement. This motivates the study of the effect of the gap

between the antenna and the wearer.

In this part of the chapter, the influence on the antenna performance owing to the gaps
in-between the wearable antenna and the human body is investigated. Importantly, the
considerations are not limited to the resonance frequency variations but also include
the gain of the antenna and the communication range. The results presented in this

section have been presented as a conference contribution in [49].

8.3.1 Experiment setup

The wearable antenna used in the experiment is a modular textile antenna reported
in Section The salient advantage of the concept is the complete integration of the
RFID module into the tag antenna. Using this particular antenna in the present in-
vestigation allows not only to measure the reflection coefficient and gain in various
conditions, but also to characterize the communication range of the antenna by con-

necting it with a batteryless RFID module.

A square homogeneous human body phantom and a human body phantom TORSO-
OTA-V5.1 from SPEAG are used in the measurement of reflection coefficient and an-
tenna gain, respectively. The distance between the wearable antenna and the phantom
is varied in a controlled manner by using a white foam (with properties similar to air)

with different thicknesses as spacer.

8.3.2 Experimental results

Figure illustrates the measured reflection coefficients when the gap between the
human body and the wearable antenna is varied. Although a high isolation from the
antenna to the human body is provided by a ground plane, the values of measured
|S11| parameters are slightly changed for all the considered distances. This can be ex-

plained by the long wavelength of the UHF band and the limited extent of the ground
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plane, which exhibits an identical width to the radiating patch and the substrate. How-
ever, the bandwidth is sufficiently wide (895 - 980 MHz) to cover the required band-

width for all the considered gaps between the antenna and the phantom.

IS11/ (dB)

_30 L L L L L L
0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5

Frequency (GHz)

Figure 8.21. Reflection coefficients of the antenna with different gaps. Measured reflection
coefficients of the wearable antenna with different gaps between antenna and human body. Inset:

the measurement setup.

The variation of antenna gain corresponding to the different distances between the
phantom and the wearable antenna is shown in Fig. It is observed that the an-
tenna gain is increasing with the spacing from antenna to the phantom. The highest
gain is achieved when the phantom-antenna gap is 80 mm, which is approximately a
quarter-wavelength distance with resulting in-phase transmitted and reflected waves

towards broadside. The gain decreases when the distance is further increased.

In order to validate the effect of the phantom-antenna distance on the antenna gain,
a battery-less RFID module is integrated into the wearable host antenna to measure
the communication range. Based on the measured antenna gain, the read range can
be estimated by using the Friis equation Eq. [8.1[204]. A good agreement between the
estimated and measured read range is illustrated in Fig. This further validates
the variation of antenna gain along with the distance of the phantom and the wearable

antenna.
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Figure 8.22. Realized gains of the antenna with different gaps. Measured and simulated
realized gains of the wearable antenna with different gaps between antenna and human body. Inset:

the measurement setup.
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Figure 8.23. Communication range of the antenna with different gaps. Measured and esti-
mated communication range of the wearable antenna with different body-to-antenna gaps. Inset:

the measurement setup.

8.3.3 Summary on the body-to-antenna gap effects investigation

The effects of the distance between the human body and the proposed UHF wearable

antenna have been assessed. With the isolation provided by a limited ground plane,
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the antenna’s resonance frequency is however only slightly changed with the varia-
tion of the wearer-antenna gap. The antenna gain and consequently the communica-

tion distance are increased with spacing, up to an approximate quarter wavelength at
923 MHz.

8.4 Conclusion

In this chapter, the method to fully integrate the computational RFID module inside the
antenna resonant cavity has been proposed. Utilizing the interchangeability of metal-
lic snap-on button and the PIFA structure, the computational battery-less RFID sensor
has been securely protected inside the wearable antenna. Additionally, the design con-
cept also provide a practical feature of modularization with excellent support form
mechanic and RF connection of snap-on buttons. In the second part of the chapter,
the effects of the gap between the wearers and body-worn antenna have been investi-
gated. It is found that, when the body-to-antenna gap is increased up to approximately

quarter-wave length, the antenna gain is increased.
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Chapte

Reconfigurable Wearable
Antennas for UHF
Applications

S evolution of the antenna design proposed in the previous

chapter, two variations of reconfigurable body-worn antennas

for UHF applications are proposed in this chapter. The two
antennas are designed with dual-band resonance frequencies centered at
923 MHz and 2.45 GHz to cover a RFID band as well as Bluetooth-like data
transfer. The frequency-agility is implemented on the lower band while the
higher band remains unchanged. The antenna is initially designed with a
single feeding port with the frequency tuning range of 59.6% in the lower
band. The alternative design with two feeding ports is then developed aim-
ing to efficiently utilize the fixed frequency at higher band. The antenna is
optimized to have the good isolation level between two ports, which should
amount to at least 15 dB. At the lower band, the fractional tuning range is
approximately 36.9%. The two antennas are fabricated and measured to

validate the design concepts.
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9.1 Introduction

0.1 Introduction

As mentioned in Chapter 2, the dynamic physical changes of the human body usually
cause mechanical deformation of body-worn antennas such as bending or crumpling.
Considering wearable antennas operating in UHF bands, the negative effects of on-
body operating conditions are typically even more severe than at higher frequencies.
This is because the UHF antennas are usually physically large, therefore the bend-
ing or crumpling effects are more pronounced than for smaller antennas operating at
higher frequencies. Furthermore, since the free-space wavelength of the UHF anten-
nas is comparable with the physical size of wearers, it becomes challenging to keep the
antenna performance stable with the human body in vicinity [136]. For the aforemen-
tioned reasons, implementation of reconfigurability for UHF wearable textile antennas
using in body-centric communications, is even more desirable than for body-worn an-

tennas operating in higher frequency bands.

Several reconfigurable antennas were reported in the literature targeting UHF radio
bands [17,(156]. However, they are all realized on rigid materials, which is not appli-
cable for wearable applications. Regarding body-worn antennas, there have not been
any reconfigurable textile antennas covering UHF bands proposed in the literature to
date.

In this context, this chapter presents two designs of frequency-reconfigurable flexible
antennas for UHF applications. The first antenna is designed with one feeding port
aiming to cover dual frequency bands with frequency-agility in its lower band ranging
from 0.87 to 1.57 GHz corresponding to a 57.4% tuning range, while the resonance fre-
quency of 2.45 GHz in higher band remains unchanged. Based on the first antenna, a
second one is designed with two separated feeding ports, aiming to efficiently employ
the fixed resonance frequency in the higher band at 2.45 GHz. In this case, the antenna
port excites lower frequency which can be used for RFID application as mentioned in
Chapter 8] while the other port working in the higher band is dedicated for other appli-
cations such as Bluetooth or communications to mobile devices. The frequency tuning
range in the lower band is shrunk to 35% due to the requirement of 15 dB of isolation

level between the two feeding ports.
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9.2 Single-port frequency reconfigurable wearable antenna

9.2.1 Antenna design

The proposed single-port antenna configuration is shown in Fig. 9.1| with the antenna
dimensions detailed in the caption. The proposed antenna concept is inspired by the
modular antenna for RFID module presented in Chapter 8, while the reconfigurability
is implemented following the antenna concept presented in Chapter 5l The antenna is
designed with full ground plane to enhance the human-to-antenna isolation. A three
substrate layers structure is used, with the bottom substrate and ground plane ex-
tended to enhance the bandwidth at resonance frequency in the lower band centered
at 923 MHz. An antenna resonant patch is divided into two parts, a small patch (Patch
1) and a bigger patch (Patch 2). Patch 1 is folded and then shorted to the ground plane
to form a PIFA configuration. This first patch is also connected to Patch 2 by a flexible
reconfiguration module presented in Chapter 5| A highly flexible and low loss PF-4
foam is selected as antenna substrate and conductive fabric from Shieldex® Nora-RS

is used for the antenna conductive parts.

As mentioned, the flexible reconfiguration module presented in Chapter [§is utilized to
obtain frequency reconfigurability. The two metallic male snap-on buttons are placed
on the two sides of the reconfiguration module and hence the two antenna conduc-
tor parts are contacted through varactors assembled on the module (see an inset in
Fig.[0.T). To tune the antenna resonance frequency to the required operating band,
three varactors MA46H120 from MACOM Technical Solutions are employed. The an-

tenna is designed and optimized using CST Microwave Studio 2021.

9.2.2 Antenna operation principle

The antenna is designed targeting to simultaneously cover two frequency bands cen-
tered at 923 MHz and 2.45 GHz. The frequency reconfigurability is implemented on the
lower band aiming to compensate a frequency shift which is likely be more detrimen-
tal in wearable operating conditions of the narrow lower-band operation, while the
higher band at 2.45 GHz remains unchanged. Both radiation bands are based on the
fundamental quarter-wave resonant mode (TMS(O_S)O), however with different patch

dimensions.
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Shorting  Patch 1 Reconfiguration  Patch 2 Substrate
wall module

QE=| —

y‘_é “——SMA feed B Ground plane

Figure 9.1. Single-port antenna structure. Single-port reconfigurable wearable antenna structure.
Dimensions (mm): Ly = 120.0, L, = 32.0, L3 = 50.5, Ly = 26.5, L5 = 13.0, W; = 36.0, W, = 24.5,

g =6.0and h = 4.8. Inset: Zoomed-in front side of the reconfiguration module.

The fixed resonance frequency at 2.45 GHz in the higher band is based on the funda-
mental quarter-wave mode (TMZ 0) of the small patch (Patch 1). It is initially excited
by choosing an appropriate length of Patch 1 which is 30.6 mm (a quarter-wave length
at 2.45 GHz). This value is then re-optimized to satisfy the required resonance frequen-
cies at both bands.

The lower band centered at 923 MHz is based on the fundamental quarter-wave mode
(TMZ O) of the total length including the two patches shorted to the ground plane
using the full folded shorting wall. Assuming firstly that the two patches are fully
connected, the lowest resonance frequency in lower band can be approximated using

the antenna dimensions relationship

_ €0
(P oy vy -1

Page 192



Chapter 9 Reconfigurable Wearable Antennas for UHF Applications

where ¢y is the speed of light in free space, ¢, is the substrate relative permittivity, L,
g, L3, Wi, W5 and h are the antenna dimensions detailed in the caption of Fig. Asa

result, the lowest resonance frequency in the lower band is estimated to be 760 MHz.

As mentioned, the reconfiguration module is placed in-between the two patches. In
this topology, the resonance frequency can be tuned by changing the capacitance of
the varactor inside the reconfiguration module. It is known that, the number of varac-
tors used in the module influences the targeted resonance frequency tuning range [96].
Therefore, to cover the lower band center frequency of 923 MHz, it is necessary to
select an appropriate number of varactors. The relation between achievable resonance
frequency tuning range and a hypothetical value of varactor junction capacitance (from
0.001 to 1000 pF) can be simulated as shown in Fig. When the varactor capacitance
is 1000 pF, the resonance frequency nearly equal to the value calculated in equation 0.1}
It can be observed that, while using three varactors, the lower band tuning range is ap-

proximately from 0.87 to 1.56 GHz which completely covers the required 923 MHz.
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Figure 9.2. Frequency tuning range dependence on varactor capacitance. Simulated resonance

frequencies across different values of varactor capacitance.

The simulated instantaneous electric field distributions in the cavity of the proposed
antenna at three different values of the varactor capacitance (Cys) in the lower band
centered at 923 MHz, and at 2.45 GHz in the higher band are shown in Fig.[9.3] When
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decreasing the varactor junction capacitance, a null in the field distribution in the cav-
ity (white dash line in Fig. (a), (b) and (c)) is moving towards the center of the an-
tenna which indicates the increase of the resonance frequency, as illustrated in Fig.
(a), (b) and (c). As a result, the frequency tuning range of approximately 57.3% is
achieved. At the higher band, the electric field distribution of the small PIFA is nearly

unchanged with different varactor capacitances, and the case when Cy,;; = 0.36 pF is

shown in Fig.[0.3/(d).

1.3pF  0.86 GHz|jl0.36 pF  1.28 GHz Max

(©)

Figure 9.3. Electric field distributions of the proposed antenna. Simulated instantaneous
electric field distributions in the cavity of the proposed antenna in (a), (b), (c) lower band at 0.86,
1.28, 1.57 GHz, respectively and (d) higher band at 2.45 GHz.

9.2.3 Experimental results

Antenna fabrication

In order to validate the operation concept, the proposed antenna has been fabricated
and experimentally characterized. The antenna conductive parts are accurately cut
using a laser milling machine. The antenna Patch 1, the shorting wall and the ground
plane are realized as one piece of conductive textile, similarly as shown for the antenna
proposed in Chapter {8l Two circular holes are trimmed on the top foam substrate to

accommodate the two female snap-on buttons required to connect the reconfiguration
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module to the antenna. The antenna substrate and conductors are glued together us-
ing fabric glue, while the SMA connector probe is connected to Patch 1 and the ground
plane using conductive epoxy CW2400 from CircuitWorks. The top view of the fabri-
cated antenna prototype is displayed in Fig.

<+—DC wire

—~—

Probe feed econfiguration module

Figure 9.4. Single port antenna prototype. Top view of the single port antenna prototype.

Reflection coefficient

The antenna reflection coefficients obtained from simulation and measurement for dif-
ferent values of the bias voltage are shown in Fig. An inconsequential discrepancy
can be observed which is mainly due to the fabrication tolerances associated with flex-
ible materials. It can be observed that, when the bias voltage is varied from 0 to 18 V,
the measured resonance frequency changes from 0.86 to 1.59 GHz, corresponding to
a fractional tuning range of 59.6%. Considering the wearable applications where the
bias voltage would usually be limited to a maximum of 5 V, the achievable frequency
tuning range remains appreciable at 40.7% (0.86 to 1.3 GHz). In the higher band, a
stable resonance frequency at 2.45 GHz is observed for different values of the varactor

capacitance.

Radiation pattern, gain and efficiency

Figure 9.6/ displays the simulated and measured normalized radiation patterns of the
proposed antenna at 0.86, 1.14, 1.30, 1.59 and 2.45 GHz in the xz-plane and the yz-plane.
It can be observed that, the maximum gain is pointing to the broadside direction in
both radiation bands, which is appropriate for off-body communications. The radi-
ation patterns are stable in the lower band with a wide beamwidth and strong back

radiation. This is because the antenna substrate, radiation patch and ground plane all
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Figure 9.5. Reflection coefficients of the single-port antenna. Simulated and measured re-

flection coefficient |S11| of the proposed single-port antenna for selected values of the bias voltage

applied to the varactors.
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Figure 9.6. Radiation patterns of the single-port antenna. Simulated and measured normalized

radiation patterns of the proposed single-port antenna in the xz- and yz-planes at 0.86, 1.14, 1.30,

1.59 and 2.45 GHz.
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have a rather narrow electrical width, leading to an increase of fringing field in the
x-direction. In the higher band, since the width of Patch 1 is smaller than the substrate
and ground plane width, the radiation pattern is more directional with a narrower

beamwidth and a smaller back radiation.

The simulated and measured realized gains of the proposed antenna are compared in
Fig.[9.7|where a slight discrepancy is observed. This can be explained by the fabrica-
tion tolerances and unavoidable imperfection of measurement alignment. In the lower
band, when the resonance frequency increases from 0.86 to 1.59 GHz, the measured
realized gain rises from 1.72 to 4.46 dBi. The low gain at 0.86 GHz is due to the power
losses in the three parallel varactors when they are tuned to their highest varactor junc-
tion capacitance of 1.3 pF. The measured realized gain of 4.71 dBi in the higher band at
2.45 GHz indicates that the antenna is working in PIFA mode with full shorting wall.
Based on the antenna simulated efficiency and the measured gain, the actual radiation
efficiency of the proposed antenna is ranging between 71.2% to 95% in the lower band
and 94% in the higher band.
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Figure 9.7. Realized gains of the single-port antenna. Simulated and measured realized gain of

the proposed single-port antenna.

9.3 Dual-port frequency reconfigurable wearable antenna

The single-port dual-band reconfigurable wearable antenna presented in the previous
section, can be used for dual-band systems, where the lower band with narrow opera-

tion bandwidth will benefit from being tunable whereas the less sensitive higher band
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is fixed. In a particular use case, the lower band with the frequency tuning range from
0.86 to 1.59 GHz can be utilized for health care monitoring application using RFID
sensors as mentioned in Chapter |8, The wide frequency tuning range is beneficial to
compensate the frequency shift caused by the dynamic changes of on-body operation
environment. The fixed resonance frequency at 2.45 GHz in the higher band, however,
can be used for other applications such as Bluetooth or energy harvesting [212,213]].
However, the utilization of single port for RF transmission of two different applica-
tions may cause a significant power reduction. Therefore, an alternative design may
be better suitable for this scenario, where a dual-port antenna is designed with each

port is dedicated for each operation band.

In this section, a dual-port version of the reconfigurable wearable antenna presented in
Section[9.2]is proposed. The antenna Port 1 is dedicated to excite a resonance frequency
in the higher band at 2.45 GHz while the antenna Port 2 is used for tunable resonance
frequency in the lower band centered at 923 MHz. The antenna is designed to have
acceptable isolation level between the two ports which is specified to be at least 15 dB.
The measured frequency tuning range in the lower band is 36.9% corresponding to the
resonance frequency ranging from 0.84 to 1.22 GHz. The higher frequency is designed
to remain unchanged at 2.45 GHz. The antenna has been fabricated and measured to

validate the design concept.

9.3.1 Antenna design and operation

The dual-port antenna configuration is shown in Fig.[9.8 with the antenna dimensions
listed in Table As illustrated in Fig. the antenna shares a similar structure
with the single-port antenna presented in the Section namely with full ground
plane, three layers of substrate and two antenna patches. Two probe feeding ports
are allocated underneath the two patches, Port 1 is connected to a small patch (Patch
1) and Port 2 is connected to a large patch (Patch 2). The flexible reconfiguration
module with three varactors is used to connect the two patches to achieve frequency-
reconfigurability. Two capacitive rectangular slots are introduced around the two probe

feeds on the antenna patches as shown in Fig.

The antenna operating principle is similar to the single-port antenna presented in the
Sectionw The fundamental quarter-wave mode (T M7 (0_5)0) of the two patches with

different sizes are used to excite two resonant bands simultaneously. Two rectangular
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Figure 9.8. Dual-port antenna structure. Dual-port reconfigurable wearable antenna structure.

Table 9.1. Parameters of the dual-port antenna. Dimensions of the dual-port antenna (in mm)

Parameters | L; Ly Ls Ly Ls | Lg | Ly | Lg | Lo h
Values 125 | 20 | 10 8 28 |46 | 37 | 10 | 23 | 4.8

Parameters | Wi | Wo | W3 | Wy | W5 | @1 | $2 | &3 | S4 | &5
Values 50 | 34 8 10 | 12 | 7 | 05|04 |05|05

slots are introduced on the patches around the two feeding pins to achieve isolation
between the two ports. The slot dimensions and two port positions are optimized

to achieve widest tuning range while maintaining the two-port isolation value above
15 dB.

9.3.2 Experimental results

The proposed antenna has been fabricated and experimentally characterized. The fab-
rication process is similar to the single-port antenna. However, this dual-port antenna
requires higher accuracy while gluing the patches with thin slots on the top substrate.
The front view of the fabricated antenna is illustrated in Fig.
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Figure 9.9. Dual-port antenna prototype. The top view of the dual-port antenna prototype.
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Figure 9.10. S-parameters of the dual-port antenna. Simulated and measured reflection and
transmission coefficients of the proposed dual-port antenna for selected values of the bias voltage

applied to the varactors.

The simulated and measured reflection coefficients of the proposed antenna for differ-
ent values of the bias voltage are shown in Fig. The slight discrepancy is mainly
due to the antenna fabrication and measurement tolerances. The introduction of the
rectangular slots makes the antenna matching more challenging. As a result, the mea-
sured resonance frequency can be tuned from 0.84 to 1.22 GHz (36.9% of fractional tun-
ing range) when the bias voltage is varied from 0 to 3.7 V. The isolation between the

two antenna ports progressively decreases while the resonance frequency is increased,
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reaching the limit of approximately 15 dB at the highest frequency in the lower band.

A fixed resonance frequency at 2.45 GHz in the higher radiation band can be observed.

Radiation pattern, gain and efficiency

xz-plane

yz-plane
0 o

0

0.84 GHz

——— Measured - Co-polarization
------ Simulated - Co-polarization
—— Measured - Cross-polarization
------ Simulated - Cross-polarization

Figure 9.11. Radiation patterns of the dual-port antenna. Simulated and measured normalized
radiation patterns of the proposed dual-port antenna in the xz- and yz-planes at 0.84, 0.94, 1.1, 1.22
and 2.45 GHz.

The simulated and measured normalized radiation patterns of the proposed antenna at
0.84,0.94,1.1,1.22 and 2.45 GHz in the xz- and yz-plane are shown in Fig. Where an
appreciable agreement is observed. Because the antenna shares the same structure as
the single-port antenna, the same radiation pattern shapes is expected. The antenna is
also appropriate for off-body communications with the maximum radiation direction
towards the broadside in both bands.

The simulated and measured realized gains of the proposed antenna are shown in

Fig. Due to the imperfect measurement process, the discrepancy between the
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simulation and measurement gains can be observed, with the measured data typically
0.5 — 1.0 dB lower than predicted in simulations. Because the antenna is working
within the range of high values of the varactor junction capacitance (1.3 pF to 0.45 pF),
the antenna gains are low in the lower band. This also leads to the low estimated an-
tenna efficiency (compared with the single-port antenna) which is ranging from 59.7%
to 72% in the lower band and 85% in the higher band.
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Figure 9.12. Realized gains of the dual-port antenna. Simulated and measured realized gains

of the proposed dual port antenna.

9.4 Conclusion

In this chapter, two realizations of frequency-reconfigurable wearable antennas work-
ing in the UHF radio band have been presented. The two antennas are designed to si-
multaneously cover two radiation bands centered at 923 MHz and 2.45 GHz. Utilizing
the flexible reconfiguration module introduced in Chapter 5, the frequency reconfig-
urability is implemented in the lower band, since it is more sensitive to the wearing
operation conditions than the higher band. The first antenna is designed with a sin-
gle feeding port while in the second design variation, a dual-port structure is utilized.
The additional port is introduced to utilize the fixed resonance frequency at 2.45 GHz
for other applications such as Bluetooth or energy harvesting. The single-port and the
dual-port antenna exhibit wide frequency tuning range of 59.6% and 36.9% at the lower
band, respectively. The two antennas have been fabricated and measured to validate

the design concepts.
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Chapte

Conclusion and Future
Work

HIS thesis has proposed various passive and reconfigurable

wearable textile antennas, with emphasis on the practicability for

utilization in real applications. Several design techniques and
components for active and passive wearable textile antenna designs have
been proposed and investigated in the first part of the thesis. A num-
ber of reconfigurable wearable textile antennas with agility in resonance
frequency, radiation pattern and polarization have been proposed in the
second part of the dissertation. In the last part of the thesis, a flexible
textile antenna which can be used in real application for patient monitor-
ing has been presented, together with two of its variants with frequency-
reconfigurability implemented. This chapter concludes by summarizing
the original contributions of each aforementioned main part and suggests

future works related to these topics.
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10.1 Part I: Reconfigurable wearable antennas design techniques and components

The research work in this thesis has been described into three primary parts mainly
focused on reconfigurable flexible textile antennas. In this chapter, the original contri-
butions presented in these three main parts of the dissertation are summarized. Based
on the research results obtained, different possible research pathways are then sug-

gested.

10.1 Part I: Reconfigurable wearable antennas design tech-

niques and components

The first part of this thesis is described in Chapter [8|and [ where the design techniques
and components used for reconfigurable textile antennas have been proposed. The
shorting strategies, antenna design techniques and reconfiguration modules presented
and investigated in this part are fundamental ingredients in all the antenna designs

proposed in the thesis.

10.1.1 Summary of original contributions

¢ As the first contribution in Chapter 3} four shorting strategies commonly uti-
lized in wearable textile antenna designs have been comprehensively analyzed.
Based on the considered shorting methods, twelve wearable textile antennas cat-
egorized in three main groups including eight PIFAs and four shorted-patch
monopole antennas have been designed, fabricated and experimentally charac-
terized. It has been found that, none of the considered shorting strategies is per-
fect and fits all wearable antenna designs. Instead, each method exhibits its own
advantageous and disadvantageous features considering simulation, fabrication,
antenna performance, mechanical stability and modularity. The analysis results
aim to guide wearable textile antenna designers with quick selection of appropri-

ate shorting methods for the specific desired applications [41].

¢ The next contribution presented in Chapter [3| comes from the dual-band dual-
mode design method of twelve wearable textile antennas using the four shorting
methods. A design and optimization process of two wearable antennas aiming
to simultaneously cover 2.45 and 5.8 GHz ISM bands for on-body and off-body
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communications has been presented. The results indicate that dual-band charac-
teristic can be achieved by simply optimizing antenna geometry or feeding struc-
ture, without utilizing complex techniques. The proposed design method helps
to maintain antenna compactness, low profile and easy fabrication features while

expanding antenna functionality [42].

* A dual-band wearable textile antenna with radiation pattern modularity for on-
body and off-body communications at fixed resonance frequency has also been
presented as another contribution in Chapter 3| The advantage of metallic snap-
on buttons presented earlier in the chapter are exemplified in this design concept.
Utilizing metallic snap-on fasteners to build a manual detachable RF connection,
the proposed wearable textile antenna can be configured to operate in either om-

nidirectional or broadside patterns at 2.45 GHz.

* Aiming at investigating an alternative practical method to implement reconfig-
urability on wearable flexible textile antennas, a novel reconfiguration module
has been proposed in Chapter [ The module design is based on a small printed
circuit board and a pair of metallic male snap-on buttons aiming to realize a ro-
bust electronics-to-textiles connection in coplanar setup. The simulation results
have suggested a potentiality of the proposed module design in realization of

practical reconfigurable wearable antennas [43]].

* The other contribution presented in Chapter |4 is a demonstration of utilizing
RF-switch ICs and PIN diodes to obtain reconfigurability for wearable textile an-
tennas. Practically realizable solutions as well as a direct comparison of these
switching components in reconfigurable wearable antenna designs have been
proposed. The results have confirmed the great versatility of using reconfigu-

ration modules to implement agility in body-worn textile antennas.

10.1.2 Future work

The utilization of switching components including RF-switch ICs and PIN diodes in re-
configurable wearable antennas has been demonstrated. Based on these components,
several pattern- or polarization-reconfigurable textile antennas can be further investi-
gated. One straightforward implementation is replacing the snap-on button connec-

tions in the modular pattern-interchangeable wearable antenna structure presented
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in Chapter |3 by reconfiguration modules with RF switching components to realize a

pattern-reconfigurable wearable antenna.

With an advantageous feature of having multi output ports which allows connecting
and switching between multiple distinct tuning components, RF-switch IC is a promis-
ing component in multifunctional reconfigurable antenna designs. The application of
RF-switch is not limited for wearable antennas but also to antennas realized on rigid

materials.

10.2 Part II: Reconfigurable wearable antennas for body-

centric communications

Utilizing the design techniques and the components presented in the first part, a wide
range of reconfigurable textile antennas have been proposed in the second part of the
thesis. These antennas have been presented in Chapter [f| through Chapter [7] with re-
configurability in operation frequency, polarization, radiation patterns and combina-
tion of these tunabilities. Folded strips of silver fabric have been used as shorting
method in all the designs presented in this part to maximize the antenna performance
as suggested in Chapter |3l The reconfigurability has been implemented in all the de-
sign concepts using a coplanar reconfiguration module based on the coplanar module

design concept presented in Chapter [4, showcasing the versatility of the concept.

10.2.1 Summary of original contribution

* A frequency reconfigurable wearable patch antenna with very wide tuning range
of approximately 70% have been proposed in Chapter[5| The operating principle
of exploiting a continuous transition between a quarter-wave mode and a half-
wave mode to obtain a very wide tuning range has been confirmed by using an
equivalent circuit model. Although the reconfigurability is based on the copla-
nar module design concept proposed in Chapter @} the actual module used in
the design have been modified to enhance the practicality of the antenna. The
proposed antenna have been optimized, fabricated and experimentally charac-
terized to validate the operation concept. The prototype exhibits a very wide fre-

quency tuning range of one octave extending from 1.82 to 3.77 GHz in free space
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and also maintain good performance in bending and on human body/ phantom

conditions [49].

* As an extended version of the antenna proposed in [49], a dual-band frequency-
reconfigurable wearable flexible antenna that simultaneously covers 2.45 and
5.8 GHz ISM radio bands has been proposed in Chapter Using the same
structure as the antenna proposed in [49]], the antenna dimensions have been re-
optimized to operate in dual frequency bands. The proposed antenna has been
fabricated and measured to validate the wide frequency tuning range in lower
and higher bands which are 48.6% and 18.3%, respectively [45].

* Another contribution in Chapter [5|is the investigation of the thermal behavior
of a frequency-reconfigurable textile antenna. The investigation is conducted on
the frequency-reconfigurable textile antenna with one-octave tuning range pro-
posed in [49]. The investigation results indicate the hottest position on the re-
configurable antennas is located at the active components. The relation between

antenna input power and temperature has been also suggested [46].

* A frequency reconfigurable wearable flexible antenna with dual-band indepen-
dent tuning capability has been proposed in Chapter[f| The proposed antenna is
designed to operate simultaneously in two radiation modes that cover two ISM
bands centered at 2.45 and 5.8 GHz ISM radio bands. The antenna reconfigura-
bility is achieved using the coplanar reconfiguration module initially proposed
in Chapter 4/ and then practically modified in Chapter 5| The antenna concept
has been fabricated and experimentally validated. It exhibits an independent fre-

quency tuning range of 41.1% for the lower band and 29.9% for the higher band.

* In Chapter [/} two reconfigurable wearable antennas with tunability combination
have been proposed. The first antenna is designed to simultaneously operate
in 2.45 and 5.8 GHz ISM bands with frequency- and pattern-agility in the lower
band while the higher band remains unchanged. In the lower band, the antenna
frequency tuning range is 27.2% while working in a monopole mode and 57.3%
when switched to a broadside mode. The antenna operation principle of switch-
ing between broadside and omnidirectional modes is analyzed using an equiva-
lent circuit. The frequency- and polarization-reconfigurability have been imple-

mented in a second antenna. The linear polarization direction of the antenna can

Page 207



10.2.2 Future work

be switched between orientations at 0°, 120° and 240° over a wide frequency tun-
ing range of approximately 31.9% in each polarization. The two proposed anten-
nas have been optimized, fabricated and measured to validate the reconfigurable

operation concepts.

10.2.2 Future work

The reconfigurable wearable antenna with very wide tuning range proposed in [44]
demonstrates that, the very wide tuning range reconfigurable patch antenna is attain-
able by realizing a continuous transition between multi radiation modes. If the mode
continuous transition in [44] can be combined with a higher-order radiation mode
where the frequency-agility is available, a frequency-reconfigurable antenna with a

tuning range of even more than 70% is potentially realizable.

The effective utilization of a flexible printed circuit board (PCB) in wearable textile
antenna designs has been proven through an implementation of flexible reconfigura-
tion modules proposed in Part II of the thesis. This opens another direction in recon-
figurable flexible antenna design in which a broader flexible PCB is combined with
conventional flexible material such as foam, silver fabric, to realize more compact re-

configurable flexible antennas.

10.3 Part llI: Passive RFID sensor integration with wear-

able antennas

As mentioned, a main focus of the thesis is the practicability of reconfigurable textile
antennas in real applications. To this aim, several wearable flexible antennas targeting
healthcare applications for wireless patient monitoring have been proposed in Chap-
ter[§and 0

10.3.1 Summary of original contribution

¢ Anovel solution to realize a system-in-package sensor that consists of a wearable
textile antenna and a computational RFID module has been proposed in Chap-

ter (8l The distinctive advantage of the design concept is allowing the large-size

Page 208



Chapter 10 Conclusion and Future Work

RFID module to be fully integrated into the resonant cavity of the flexible textile
antenna. This remarkably enhances the practicality of the completed sensor since
the RFID module is securely protected from the dynamic changes of wearing op-
eration condition. Furthermore, the modularization of the concept allows an in-
terchange of antenna modules according to different application requirements.
Various antenna concepts have been designed, fabricated and measured to vali-
date the desired antenna performance. After that, the completed sensors realized
by integrating the RFID module to the modular antennas have been tested to

prove the practicability in real application scenarios [48].

* Using the wearable textile antenna as well as the completed sensor proposed in
[48], the effect of the distance between the human body and the wearable antenna
has been investigated in Chapter |8, The good isolation between the antenna and
the human body phantom regardless the different body-to-antenna gaps has been
confirmed. The results also indicate that the antenna gain and consequently the
communication range of the completed sensor are increased with spacing and

reach maximum values at a gap of approximately quarter-wave length [49].

¢ Based on the UHF antenna structure proposed in [48], in combination with the
coplanar reconfiguration module used in [44], two variations of dual-band freque-
ncy-reconfigurable wearable textile antennas have been proposed in Chapter [0
The two antennas have been designed with frequency-agility at their lower band
centered at 923 MHz, while a resonance frequency in a higher band at 2.45 GHz
remains fixed. The first proposed antenna was excited by a single port while
the second antenna utilized dual-port to independently operate at the fixed fre-
quency of 2.45 GHz. The two antennas have been fabricated an measured to vali-
date the design concepts. The single-port and dual-port reconfigurable antennas
exhibit wide frequency tuning range of 59.6% and 36.9% in the lower band which
are promising to be used in wearable UHF applications where the antenna reso-

nance frequency can easily be shifted.

10.3.2 Future work

The practicality of proposed modular wearable textile antenna with integrated RFID

module has been successfully demonstrated in laboratory test conditions. The further
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step is testing the completed sensor in the real conditions, i.e., when it is mounted on
hospital gowns for patient monitoring. At this stage, the feasibility of the product in
real applications is not only evaluated by the ability of maintaining the required per-
formance. In fact, the user perception and acceptance are also the key factors to access
in the final product. It is also desirable to integrate real chips (e.g, RFID modules)
into the resonant cavity of the frequency-reconfigurable textile antennas proposed in
Chapter 9] to test the sensor performance in harsh operating conditions while having

the frequency-ability implemented.

10.4 Concluding statement

In this thesis, several design techniques, components, passive and reconfigurable wear-
able textile antennas have been proposed to be key components for a realization of
multi-functional and/or smart wearable systems. Although the operation principle
of all the proposed antennas in the thesis have been confirmed though either equiva-
lent circuit analysis or full-wave simulation, the practical implementation and deploy-
ment of the proposed antennas in real applications have been always emphasized. All
the passive and active wearable antennas presented in the dissertation exhibit robust
experimentally validated performance in either various bending configurations or in-
teractions with human body/phantom. It is of prime importance for all the future
wearable textile antenna investigations to consider the practicability of the designs as

one of the most crucial priorities.
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