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Abstract

D
UE to high demand and ubiquity of novel wireless communication sys-

tems, numerous new technical challenges have risen in modern antenna

design to satisfy emerging unconventional system requirements. Typi-

cal examples include radio frequency identification (RFID) systems and wearable elec-

tronic systems. RFID systems usually consist of a reader and a tag integrated with an

antenna which is attached to the item(s) to be tracked. Therefore, for the commercial vi-

ability of the system, it is desired to have flexible, light-weight, highly integratable and

low-cost antennas for the tags. These characteristics are also desired for the antennas

used in wearable electronic systems, with an additional critical requirement, namely

electrical and mechanical robustness to the loading effect from the human body when

worn. Hence traditional metallic conductors and dielectric materials such as ceramics

are usually not suitable, as these materials lack mechanical flexibility and resilience

while having a high intrinsic cost.

In this context, flexible, wearable and reconfigurable antennas based on novel conduc-

tive and dielectric materials are of significant interest. This is in line with the goals

of this thesis which comprise four main different objectives. Firstly, the dissertation

presents the development of non-metallic, highly efficient and flexible antennas based

on conductive polymers and graphene thin films as conductors. Through efficiency-

driven and material-oriented engineering methods, it is shown that these antennas

can overcome the process-related inherent limitations of the non-metallic conductors,

demonstrating the excellent potential of these novel materials. Secondly, the thesis

also focuses on the investigation of appropriate shorting strategies and connection so-

lutions for textile antennas, in terms of ease of fabrication, connection reliability and

antenna efficiency. This work aims to provide reliable and efficient solutions to the

critical connection requirement between flexible textile antennas and rigid electronic

components. Thirdly, modular and reconfigurable wearable textile antennas which

provide passive and/or active system reconfigurability are proposed, based on com-

mercial snap-on buttons operating as shorting vias and connectors. The modular wear-

able antenna concept utilizes different modules which are designed to achieve specific

antenna characteristics and fulfill various functionalities. The reconfigurable antenna

is based on a reconfigurable module which integrates varactors and a dedicated bias

Page xi



Abstract

circuit board inside snap-on buttons. This button module can solve the main chal-

lenge in realizing reliable connections between bias circuit, lump components and tex-

tiles, which arises because of the very different physical properties of rigid and flexible

components. Fourthly, the last part of the thesis presents a compact and high efficiency

series-fed microstrip patch array and a flexible dielectric resonator antenna, as exam-

ples of novel designs suitable for wearable applications.

All the results and findings in this thesis illustrate that, antennas realized in novel

conductive and dielectric materials including conductive polymers, graphene, con-

ductive textiles and polydimethylsiloxane (PDMS), can potentially satisfy the uncon-

ventional characteristics desired for future wearable electronic systems. Furthermore,

the interdisciplinary combination of antenna technology and material science paves

a promising path for advanced antenna developments, towards next generations of

mobile wireless communication systems.
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The following conventions have been adopted in this Thesis:

Typesetting

This document was compiled using LATEX2e. TeXstudio is used as text editor interfaced

to LATEX2e. Inkscape was used to produce schematic diagrams and other drawings.

Referencing

The referencing and citation style adopted in this thesis are based on the Institute of

Electrical and Electronics Engineers (IEEE) Transaction style.

System of units

The units comply with the international system of units recommended in an Aus-

tralian Standard: AS ISO 1000–1998 (Standards Australia Committee ME/71, Quan-

tities, Units and Conversions 1998).

Spelling

American English spelling is adopted in this thesis.
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Chapter 1

Introduction

T
HIS introductory chapter presents a short overview on flexible,

wearable and reconfigurable antennas based on novel conductive

materials and discusses the importance and challenges associated

with these material-oriented antenna design. The chapter also includes an

overview of the objectives and motivations of the thesis which highlights

the original contributions of this research work. At the end of the chapter,

the structural organization of the thesis is outlined.
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1.1 Introduction and motivation

1.1 Introduction and motivation

As an indispensable branch of wireless communication system design, planar antenna

technology has been intensively and broadly advanced in the last five decades. In re-

cent times, however, due to the very high demand of novel mobile communication

systems, numerous new technical challenges have arisen for the antenna designers be-

cause of additional unconventional performance requirements. Typical examples of

applications of relevance to this thesis include radio frequency identification (RFID)

systems [1] and wearable electronics [2]. RFID systems usually consist of an RFID

reader and a tag integrated with an antenna attached to the item(s) to be tracked.

Therefore, it is preferable to have flexible, light-weight, highly integratable and low-

cost antennas for the tags. These characteristics are also desired for the antennas used

in wearable electronic systems, with additional critical requirements, namely electrical

robustness to the loading by the human body, as well as mechanical robustness to de-

formation when worn by people. The combination of antenna technology and material

sciences can provide new paths to satisfy these requirements.

To design antennas exhibiting the aforementioned characteristics, traditional conduc-

tors and dielectric materials such as metals and ceramics are not necessarily suitable,

since these materials are usually costly and lack flexibility and mechanical resilience.

As a result, various novel conducting and dielectric materials with suitable properties

have been emerging in antenna technology. On the side of the conducting materials,

typical examples of alternative materials to metals as antenna conductors include con-

ductive polymers [3–5], graphene films [6, 7], conductive inks, conductive treads [8]

and conductive textiles [9–22]. One the side of the dielectrics, polyimide films [23, 24],

liquid crystal polymers [25–27], polydimethylsiloxane (PDMS) [28–31] and closed-cell

polyethylene foams [21,32] have been explored in the literature. Due to the unconven-

tional different physical and (or) electrical characteristics of these materials, dedicated

design strategies as well as appropriate technologies for the fabrication, connections

and integration into the systems are extremely critical to achieve well-performing an-

tennas. Consequently, research on these particular aspects is of significant interest for

antenna designs based on novel conductors and dielectrics.

In this context, this dissertation investigates the design, fabrication and system inter-

connection, for flexible, wearable and reconfigurable antennas based on conductive

polymers, graphene/graphite films and conductive textiles, with emphasis placed on

material side of antenna engineering principles.

Page 2



Chapter 1 Introduction

1.2 Objectives of the thesis

There are four main objectives of the thesis which are described in details in the fol-

lowing.

1. Efficient and flexible non-metallic antennas based on conductive polymers and

graphene composites

As mentioned earlier, compared to metallic materials, non-metallic conductive

materials can be more mechanically resilient, environmentally friendly and eco-

nomical and thus more suitable for flexible and wearable antennas. Among non-

metallic materials which have high electrical conductivity, conductive polymers

and graphene stand out as materials which have been widely investigated in en-

gineering research, due to their attractive physical and electrical properties. Since

electrical conductivity in polymer materials was first reported in 1977 [33, 34],

conductive polymers have been developed as a class of attractive conductor ma-

terials for antenna designs, with steadily increasing electrical conductivity and

improving mechanical resilience. Several antenna designs realized in various

conductive polymers including Pani [35], Polypyrrole (PPy) [36, 37] and poly 3,

4- ethylenedioxthiophene (PEDOT) [4, 38] have been reported in the literature.

The majority of these antennas however showed a relatively low efficiency since

the conductive polymers typically exhibit a process-limited thickness and a rela-

tively low electrical conductivity compared to metals. Very similar situation can

be observed in the antennas realized in graphene, especially for the microwave

region, since graphene has inherent limitations due to the fabrication process in

terms of material thickness, size and shape [39, 40]. Additionally, flexible an-

tenna designs taking advantages of the mechanical flexibility of these materials

in a free-standing form are very limited in the literature. In this context, one of

the main objects in this dissertation is to overcome these inherent process and

material limitations to develop efficient and flexible antennas with different en-

gineering methods. These approaches include efficiency-driven antenna design

for efficiency improvement, simple and robust chemical treatment for material

conductivity enhancement and exploitation of multilayer laminated structure for

effective material thickness increase.
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2. Practical shorting and connection strategies for wearable textile antennas

Conductive textile are metallized textiles which can attain a sheet resistance close

to that of metal layers. These so-called e-fibers generally are comprised of a non-

conductive textile substrate such as cotton or nylon combined with electrically

conductive elements such as copper and silver which can be coated as layer on

or embedded as wires into the substrate. Since conductive textiles have highly

desirable properties such as reversible physical flexibility and robustness, bio-

compatibility, washability and high electrical performance, they are one of the

most promising conductors for flexible and wearable antennas. A variety of

antennas based on conductive textiles have been developed for wearable appli-

cations [9, 11, 13, 14, 17, 19–22, 31]. One very important design aspect for these

wearable textile antennas is the connection between the flexible antenna textile

components and the rigid electronic system, since the textiles have very differ-

ent physical properties from the electronics [41]. A similar connection challenges

between flexible layer arises for wearable textile antennas that require shorting

point(s) and/or shorting wall(s). This leads to the challenging task of providing

reliable antenna shorting strategies where ease of fabrication, connection robust-

ness and antenna efficiency are especially taken into account. In both cases men-

tioned above, the requirements for reliable, efficient and detachable connections

between flexible textile layers and a ground or an electronic system are challeng-

ing to fulfil. To this end, as the second objective of this thesis, a solution based on

commercial snap-on buttons is investigated and developed to address connection

strategies in conductive textiles technologies.

3. Modular and reconfigurable wearable antennas based on conductive textiles

An extremely important consideration in wearable antennas design is the im-

pacts of the human body in the immediate vicinity of the devices, as well as

the bending associated with movement of the body. This requires that high-

performance antenna design should minimize the coupling to the human body in

proximity and should be electromagnetically resilient due to bending [2]. How-

ever, those requirements are very challenging to fulfil for all possible cases, and

therefore, it would be very beneficial if the antennas could include reconfigurabil-

ity to compensate detuning due to these impacts and uphold performance. In ad-

dition, reconfigurability could be exploited to achieve different desired antenna

Page 4



Chapter 1 Introduction

characteristics to fulfil various functionalities. However, because of the difficul-

ties in realizing reliable connection between lumped components and textiles as

mentioned previously, very limited reports of reconfigurable wearable antenna

designs based on conductive textiles can be found in the literature. Aiming to

resolve the issue, the third objective of this dissertation is to design some novel

wearable textile antennas having passive and active system reconfigurability.

4. Novel antenna structures for wearable applications

The fourth objective of this thesis has two parts and they are discussed separately

as follows:

(i) Microstrip patch antennas [13–15] and arrays [16, 42] have been widely ex-

ploited for wearable applications, since they are light-weight, low-profile, com-

pact and more importantly isolated electromagnetically from the human body

due to their ground plane. For wearable applications requiring antenna array(s),

the size of the array should be kept as compact as possible due the limited real

estate of human body. As a result, it will be advantageous to design arrays

with compact size and simple feed network while maintaining high efficiency

for wearable applications. The first part of the fourth objective is to design, a

compact and efficient patch array which is serially fed by one single microstrip

line with dual polarization, for wearable applications.

(ii) Dielectric resonator antenna (DRA) [43–45] is another type of antennas suit-

able for wearable applications. This is because they can be made compact with

various shapes and aspect ratios while maintaining high radiation efficiency, wide

impedance bandwidth and broad beamwidth. However, only very limited re-

ports on wearable DRAs can be found in the literature. It is believed that one of

the main reasons is their inherent physical rigidity which significantly decreases

their wearability. To address this problem, as the second part of the fourth ob-

jective of this thesis, a non-metallic flexible DRA realized in PDMS mixed with

ceramic powder, and graphite paper as a conductor, is proposed for wearable

applications.

1.3 Summary of original contributions

This dissertation includes several original contributions to the field of flexible, wear-

able and reconfigurable microwave antennas based on novel conductive and dielectric
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materials. The contributions can be generally categorized into four major parts. The

first part of the thesis presents flexible and high-efficiency non-metallic antenna de-

signs based on conductive polymers and graphene thin films. The second part of the

thesis focuses on the solutions of connection and shorting for textile transmission lines

and antennas. The third part regards wearable modular and reconfigurable antenna

designs based on conductive textiles and commercial snap-on buttons. And finally,

the last part of the thesis investigates novel antenna structure including series-fed mi-

crostrip patch antenna arrays and flexible DRAs for wearable applications.

1.3.1 Non-metallic antennas realized in conductive polymers and

graphene composites

This section lists the original contributions for high-efficiency and flexible antennas

realized in non-metallic conductors including conductive polymers and graphene thin

films.

• A compact, highly efficient and flexible ultra-wideband (UWB) antenna operat-

ing from 3 to 20 GHz is proposed. The antenna is completely made from poly-

mer comprising a patterned conductive polymer (PEDOT) thin film attached to

a transparent sticky tape substrate. The overall dimension is less than a quarter-

wavelength at the lowest frequency of operation and the device reaches a radi-

ation efficiency of over 85% averaged throughout the frequency band. The real-

ized antenna offers great mechanical flexibility and robustness which indicates its

promising potential for possible seamless integration in flexible electronics. This

design has been published in IEEE Antennas and Wireless Propagation Letters under

the title of “A Compact, Highly Efficient and Flexible Polymer Ultra-Wideband

Antenna ” [5].

• A numerical and experimental study of the impact of bending on the character-

istics of a conductive polymer UWB antenna reported in [5] is conducted. Since

the antenna under investigation is highly flexible, it is very important to investi-

gate possible performance degradations in various bending conditions, including

variations in matching and radiation characteristics. The results indicate that the

antenna still performs well in terms of impedance matching even with consid-

erable bending angles whereas degradation due to bending has to be taken into
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account for polarization. The study results were presented at International Con-

ference on Electromagnetics in Advanced Applications (ICEAA), 2015 under the title

of “Bending impact on a flexible ultra-wideband conductive polymer antenna

” [46]. This was an invited paper and was awarded The Young Scientist Best

Paper Award of ICEAA2015.

• A highly flexible and efficient 2.45-GHz dipole antenna realized in methanol-

treated conductive polymers PEDOT:PSS (PEDOT) is proposed. The originally

highly conductive PEDOT thin films have been further treated by immersion

in a methanol solution, to realize a five-times conductivity improvement from

approximately 3500 S/m to 18500 S/m. As a result, a more than 25% antenna

efficiency enhancement is attained, which brings the averaged efficiency up to

91.4% of the efficiency of a copper reference antenna with identical geometry. The

results of this work were presented at International Symposium on Antennas and

Propagation (ISAP), 2015 under the tile of “A highly flexible and efficient dipole

antenna realized in methanol-treated conductive polymers ” [47]. A summary

of the antenna designs reported in [5, 47] was also presented at 2nd Australian

Microwave Symposium, 2016 under the tile of “Purely polymeric antennas with

exceptional flexibility and high efficiency ” [48].

• A flexible 5.8-GHz microstrip-fed slot antenna realized in thin films of conductive

polymer PEDOT:PSS is designed, fabricated and tested. Due to the utilization of

a highly conductive and flexible polymeric film, the antenna has a high efficiency

of 82% and fully reversible conformability. The outcomes of this design were pre-

sented at IEEE International Symposium on Antennas and Propagation (APSURSI),

2016 under the tile of “A 5.8-GHz flexible microstrip-fed slot antenna realized in

PEDOT:PSS conductive polymer ” [49].

• A review of various realizations of microwave antennas based on free-standing

conductive polymers including polypyrrole (PPy) and PEDOT:PSS (PEDOT) is

done in regard to two significant aspects: improvement of their efficiency and

exploitation of their mechanical flexibility for antenna designs. This points out

design strategies able to achieve high antenna efficiencies and reproducible me-

chanical conformability. This review was presented at 17th International Sympo-

sium on Antenna Technology and Applied Electromagnetics (ANTEM), 2016 under the

tile of “Progress in conductive polymer antennas based on free-standing polypyr-

role and PEDOT: PSS ” [50]. This was an invited paper.
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• A three-layer laminated thin film structure based on two layers of conductors

of PEDOT and one layer laminae of SiO2 in between has been tested in a dedi-

cated microstrip line test jig, showing a 5 to 15 dB higher |S21| parameter com-

pared to the single layer PEDOT. These results indicate the laminated structure is

promising to overcome the insufficient film thickness problem for some conduc-

tive polymers.

• A highly efficient UWB antenna based on graphene films made of binder-free

and surfactant-free graphene inks is proposed. The fabricated antenna exhibits

an efficiency averaging 79% over the bandwidth from 3.1 to 10.6 GHz, which

is, to the authors’ best knowledge, the highest reported value for graphene an-

tennas for the microwave region. This outstanding performance is attributed to

the combination of high-quality graphene films, efficiency-driven antenna de-

sign strategy and appropriate fabrication technique. This work has been pub-

lished in Journal of Materials Chemistry C under the tile of “Scalable realization of

conductive graphene films for high-efficiency microwave antennas ” [51]. The

details of the antenna design has been accepted to IEEE AP-S Symposium on An-

tennas and Propagation and USNC-URSI Radio Science Meeting, 2017 under the tile

of “High-efficiency microwave graphene antenna ” [52]. This conference paper

was awarded an ’Honorable Mention’.

1.3.2 Shorting and connection strategies for wearable textiles anten-

nas

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

shorting strategies for wearable antennas and transmission lines realized in conductive

textiles.

• Various shorting strategies including a folded strip of silver fabric, embroidered

vias and eyelets are investigated for wearable textile antennas, based on a test

bed, namely an L-slot planar inverted-F antenna (PIFA). The performance of the

antenna under test with these three shorting methods is compared through sim-

ulations with realistic shorting models. The results indicate that the embroidered

vias shorting method, which is the simplest and cheapest method to implement,

has slightly lower efficiency and gain than the silver fabric folded strip and eye-

let shorting methods due to its higher resistance. This investigation results was
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presented at International Workshop on Antenna Technology (iWAT), 2014 under the

tile of “Shorting strategies for a wearable L-slot planar inverted-F antenna ” [53].

• Commercial snap-on buttons are proposed to be used as detachable shorting

vias for wearable textile antennas. A patch antenna prototype using these but-

ton shorting vias is designed and experimentally characterized. By engaging se-

lected male buttons from the ground plane with female buttons to form shorting

vias, various antenna patterns can be selected. This illustrates that commercial

snap-on buttons can be utilized as detachable shorting vias for wearable textile

antennas. This design was presented at International Conference on Electromag-

netics in Advanced Applications (ICEAA), 2016 under the tile of “Snap-on buttons

as detachable shorting vias for wearable textile antennas ” [54]. This paper was

awarded The Travel Bursary Award and The Young Scientist Best Paper Award

of ICEAA2016.

• A pair of commercial snap-on buttons is demonstrated as a detachable radio-

frequency (RF) balanced connection between a garment-integrated textile dipole

antenna and a passive sensor-enabled RFID tag in a wearable wireless system.

This arrangement offers reliable, low-cost and easily detachable RF coupling and

feeding connections for balanced antennas, as conceptualized in simulations and

validated through measurements. In addition, a back-to-back balanced transmis-

sion line structure has been designed and measured to characterize the RF perfor-

mance of the proposed snap-on button connection. The resulting S-parameters

indicate the good performance of the snap-on buttons as RF connectors for bal-

anced antennas/transmission lines at least up to 5 GHz with insertion loss better

than 0.8 dB. This research work has been published at IEEE Antennas and Wire-

less Propagation Letters under the tile of “Paired snap-on buttons connections for

balanced antennas in wearable systems ” [55]. This was an invited paper. In ad-

dition, an overall review of connections based on snap-on buttons was presented

at 14th Australian Symposium on Antennas, 2015 under the tile of “Snap-on buttons

connections for transmission lines and antennas ” [56].
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1.3.3 Modular and reconfigurable antennas based on conductive tex-

tiles

The following list provides the details of the original contributions on wearable textile

antenna designs with modularity and reconfigurability.

• An antenna design concept with detachable radiation elements offering modular

geometry reconfigurabilities for wearable applications is presented. By utiliz-

ing snap-on buttons, both as the radio-frequency RF connection and mechanical

holding mechanism, different modularly interchangeable microstrip patches are

employed to demonstrate geometry reconfigurabilities in terms of polarization

and resonance frequency. Three patches offering interchangeability in circular

polarization at 5 GHz, interchangeability in resonance frequencies of 2.4- and 5.3-

GHz and operation at 8-GHz are proposed as typical designs, respectively. Ex-

perimental results of the fabricated antennas in free space, worn by a torso phan-

tom and in bending conditions, validate the concept and prove that this type of

modular design offers convenient, passive, low-cost, and versatile system recon-

figurabilities, which can benefit wearable applications. This unique and versatile

design has been published at IEEE Transactions on Antennas and Propagation under

the tile of “A modular textile antenna design using snap-on buttons for wearable

applications ” [57].

• A foldable patch module for the modular wearable textile antenna concept in [57]

is presented, demonstrating passive discrete resonance frequency modularity at

8, 9 and 10 GHz. Through a simple folding of the textile radiating element at pre-

determined lengths denoted by position markers, particular resonance frequen-

cies can be manually interchanged. Prototype-based experimental characteriza-

tion shows a good agreement with simulations, which indicates that the foldable

module performs as expected. This design emphasizes that the reported modular

antenna design promotes a practical, low-manufacture-cost, low-maintenance-

cost, passive and versatile solution to reconfigure system characteristics for multi-

functional wearable systems. The results of this design were presented at URSI

International Symposium on Electromagnetic Theory (EMTS), 2016 under the tile of

“A foldable textile patch for modular snap-on-button-based wearable antennas

” [58]. This was an invited paper.
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• A further illustration of the versatility of the modular concept, a circular patch

module with a rectangular flap cut in the middle is proposed. This module can

provide interchangeability between right-handed circular polarization (RHCP),

left-handed circular polarization (LHCP) and linear polarization (LP), as well as

passive reconfigurability in resonance frequency for LP, through simple module

rotation and different flap configurations (opened or closed). The design and the

measurement results have been presented at 11th European Conference on Antennas

and Propagation, 2017 under the tile of “A polarization/frequency interchangeable

patch for a modular wearable textile antenna ” [59].

• A reconfigurable module based on snap-on buttons with integrated varactors

and a dedicated bias circuit board is proposed for reconfigurable wearable tex-

tile antennas. This varactor-loaded module can solve the main challenge in re-

alization of reliable connection between bias circuit, lumped components and

conductive textiles. The very different physical properties of those flexible and

rigid components have been the main obstacle to truly reconfigurable wearable

designs. A reconfigurable PIFA antenna utilizing this button module is designed

to validate the concept. The preliminary results of this antenna were presented at

15th Australian Symposium on Antennas, 2017 under the tile of “A reconfigurable

wearable antenna based on snap-on buttons ” [60].

1.3.4 Novel antenna structures for wearable applications

The following list shows the detailed information for the last main part of the thesis’

original contributions dedicated to exploration of novel wearable antenna structures,

namely a microstrip patch array and a DRA for wearable applications.

• A compact and highly efficient circular travelling wave series-fed microstrip patch

array for wearable applications is proposed. The patch elements are excited by

a microstrip line through coplanar proximity coupling. A dual-port feeding al-

lows to select the direction of the travelling waves, and consequently the sense

of circular polarization of the patches. Simultaneous feeding to both ports with

proper amplitude and phase difference can result in radiated waves of arbitrary

polarization. Since the antenna array exhibits a simple feeding structure, a rela-

tively compact size and a very good isolation from the human wearer owing to

the ground plane, it is suitable for wearable applications. The outcomes of this
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design have been published at IEEE Antennas and Wireless Propagation Letters un-

der the tile of “Dual circularly polarized series-fed microstrip patch array with

coplanar proximity coupling ” [61].

• A non-metallic DRA whose dielectric resonator and substrate are both made me-

chanically flexible for wearable applications is designed and subjected to experi-

mentally characterization. This microstrip-patch-fed antenna is realized in a mix-

ture of PDMS and ceramic powder, as well as carbon paper as a conductor. Since

this non-metallic antenna has decent mechanical flexibility, a ground plane and

thus electromagnetic isolation to the human body, a measured wide impedance

bandwidth of 53% and a measured broad beamwidth of nearly 100◦, it is promis-

ing for wearable applications.

1.4 Thesis structure

As illustrated in Fig. 1.1, this thesis starts with introduction and literature review in

the first two chapters and ends up with conclusion and future work discussion in the

last chapter. The main chapters in between focus on the original contributions of the

thesis, as described in detail in the following.

I Introduction (Chapters 1 & 2)

The initial part of the thesis encompasses the current introductory chapter and

Chapter 2 where the context and the background information required for the rest

of the thesis are provided. The second chapter contains two major topics: i) a

general literature review on flexible, wearable and reconfigurable antennas with

emphasis on antenna design and materials; ii) a survey of the novel conductive

and electric materials used in the different parts of this thesis, focusing on the

challenges in utilizing these materials for antenna designs as well as the possible

solutions.

II Non-metallic antennas (Chapters 3 & 4)

The second part of the thesis focuses on non-metallic antenna designs based on

conductive polymers and graphene thin films. Chapter 3 demonstrates various

highly flexible and efficient polymeric antennas including both narrow-band and

ultra-wideband UWB designs. The application of different engineering meth-

ods has helped to successfully overcome the process-limited inherent problems
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Figure 1.1. Thesis outline. The thesis comprises 10 chapters where the first two chapters include

introduction and literature review while the last chapter concludes the dissertation. The chapters

in between discuss the four main original contributions of the thesis: i) non-metallic antennas; ii)

textile antenna connection and shorting strategies; iii) modular and reconfigurable wearable textile

antennas and iv) novel antenna structures for wearable applications.

of the conductive polymers. Additionally, a study investigating the antenna per-

formance degradation attributed to various state of bending is conducted, aiming

to illustrate the necessary considerations while using the antenna in conformal

configurations. Chapter 4 provides the design details of an UWB antenna pos-

sessing a very high efficiency of nearly 80% realized in graphene thin films, which
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suggests the excellent potential of graphene as environmentally-friendly, low-cost

and non-metallic conductor for antennas operating in the microwave region.

III Textile antenna connection and shorting Strategies (Chapter 5)

Chapter 5 proposes some appropriate, convenient and efficient shorting and con-

nection strategies for textile antennas and transmission lines. The aim of the in-

vestigation is to solve the difficulty in textile-to-electronics connection. Various

shorting methods for textile antennas are compared, laying emphasis on imple-

mentation cost, antenna efficiency and gain, as well as fabrication complexity. This

study sheds light on the important factors to be considered when deciding short-

ing strategies for textile antennas. Following that, it describes a detachable and

reliable connection for a wearable RFID-based elderly monitoring system and its

textile dipole antenna, using commercials snap-on buttons. Through this inex-

pensive solution, very solid mechanical connection with a satisfactory RF perfor-

mance can be achieved for the system. The approach which also enables detach-

able connections and thus allows separating the sensitive electronic parts to wash

the garment-integrated textile antenna.

IV Modular and reconfigurable wearable antennas (Chapters 6 & 7)]

This part of the thesis presents two types of wearable textile antennas in which

one can passively and the other can actively change their characteristics such as

their resonance frequency or polarization. Chapter 6 depicts a modular wearable

textile antenna concept based on snap-on buttons, which can fulfil different sys-

tem requirements by interchanging tailor-made patch modules. A variety of patch

modules which share one common feed base are also proposed for diverse func-

tionalities, extending the patch module library. Chapter 7 shows a reconfigurable

wearable textile antenna based on a reconfigurable module in which snap-on but-

ton, lumped components and bias circuit are integrated together. This reconfig-

urable module gets over the connection reliability problem between textiles and

electronic components and circuit, by utilizing snap-on buttons in the integration

design.

V Novel antenna structures for wearable applications (Chapters 8 & 9)

The next part of the thesis describes the exploration of novel designs, namely a mi-

crostrip patch array and a DRA for wearable applications. The design, fabrication

and measurement of a series-fed microstrip patch array in free space and worn by
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a torso phantom are discussed in Chapter 8, exhibiting a compact and high effi-

ciency array design concept with excellent electromagnetic isolation to the human

body. In Chapter 9, a non-metallic conformal DRA design composed of flexible

dielectric resonator, substrate and ground plane is demonstrated, for the sake of

improving the comfortability when wearing these antennas. The measurement re-

sults indicate that the DRA has decent mechanical flexibility, a wide bandwidth

and a broad beamwidth which make it promising for wearable applications.

VI Conclusion and future work (Chapter 10)

The last chapter provides a conclusive summary of all the projects included in this

thesis, as well as a prospective view about the further work.
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Chapter 2

Background

A
NTENNA designs based on unconventional or novel con-

ductive materials have gained intensive research attention in

recent years. This is motivated by desirable antenna charac-

teristics such as mechanical resilience, light weight, affordability and en-

vironmental friendliness, which are required for new generations of wire-

less electronic systems, for example wireless body area network (WBAN)

or RFID technology. This chapter reviews typical antenna designs based

on conductive polymers, graphene/graphene composites and conductive

textiles, laying emphasis on the design and fabrication challenges associ-

ated with these novel non-ideal material properties, and outlining the cor-

responding possible solutions.
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2.1 Introduction

Antenna are essential components of every wireless communication system. Com-

pared to bulky and rigid fixed antennas commonly seen on rooftops such as Yagi an-

tenna and parabolic antennas, antennas for new generation of wireless mobile systems

such as WBAN are required to be low in profile, light in weight, small in size, resilient

in deformation and robust to exterior electromagnetic impacts. Therefore, one impor-

tant aspect of current antenna developments is exploiting novel materials to realize

superior designs, since conventional antenna materials such as metals and ceramics

cannot perfectly fulfil the aforementioned characteristics. As a result, many types of

novel materials have been emerging in antenna technology. Among these materials,

conductive polymers, graphene/graphene composites and conductive textiles are very

promising due to their unique properties. For instance, conductive polymers and con-

ductive textiles have excellent mechanical resilience whereas graphene are potentially

economical and can be produced in environmentally-friendly ways. However, due to

their special physical and electrical properties, extra considerations in material prepa-

ration, antenna design and fabrication are required to maximize achievable antenna

performance. For conductive polymers, due the relatively low conductivity compared

to metals, efficiency-driven antenna design strategies are necessary to overcome this

issue and achieve high antenna efficiency.

In this chapter, a brief literature review of conductive polymers, graphene/graphene

composites and conductive textiles will be presented from the perspective of antenna

technology, with special focus on the challenges of using these materials for antenna

designs while retaining appreciable performance. In particular, Section 2.2 and 2.3 will

discuss typical antenna designs based on conductive polymers and graphene respec-

tively, while the use of conductive textiles will be reviewed in Section 2.4.

2.2 Antenna designs based on conductive polymers

Conductive polymers combine high electrical conductivity (simply referred to as ’con-

ductivity’ for the rest of this thesis unless otherwise stated) and mechanical elastic-

ity. They also exhibit low density, ease of processability and corrosion resistance.

These properties make them very attractive for a very wide range of applications

such as chemical sensors [62–64], biosensors [65], printed electronics [66], superca-

pacitors [67, 68] and electromagnetic devices [3, 36, 69, 70]. Since the initial report on
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their electrical conductivity in 1977 [33, 34], conductive polymers have attracted sig-

nificant attention from the research world. Three scientists mainly contributed to this

breakthrough, Hideki Shirakawa, Alan J. Heeger and Alan G. MacDiarmid, who jointly

received the Nobel Prize in Chemistry in 2000 for the discovery and development of

electrically conductive polymers. With steadily growing resources and efforts invested

into the research on conductive polymers, increasingly higher electrical conductivity,

better mechanical resilience and tunability in resistance have been gradually reported

in the literature. Of particular interest in this thesis, due to their steadily improving

electrical conductivity and mechanical elasticity, conductive polymers have become

very promising as antenna conductors, especially in the view of achieving flexible

and purely non-metallic flexible designs. In addition, since the conductivity can be

to some extent controllable in some polymers, the realization of reconfigurable an-

tenna becomes another potential development, as proposed in [71]. As a result, many

antennas based on various conductive polymers have been emerging recently. The

following section will give a descriptive introduction about conductive polymers and

their electromagnetic properties.

2.2.1 Conductive polymers

Polymers consist in large molecules or macromolecules which are formed by chains

of many repeated carbon-based sub-units. They can be found in our body as funda-

mental building blocks, including for example in DNA, and are present in nearly ev-

erything around us such as plastics and rubber. Generally, most natural and synthetic

polymers are highly insulating. In contrast, polymers with electrical conductivity are

referred to as conducting/conductive polymers, or more precisely, as intrinsically con-

ducting polymers. The chemical structures of some typical conductive polymers, in-

cluding polyacetylene ((CH)x), polyphenylene vinylene (PPV) and polyaniline (PANI)

are shown in Fig. 2.1, all demonstrating a conjugated molecular structure in the main

chain with π-electrons delocalized. The unique electrical and optical properties are a

result of this conjugated π system [72].

One of the earliest conductive polymer references described the preparation of polyani-

line by the anodic oxidation of aniline was published by Henry Letheby, as early as

1862 [73]. The polymer reported in this reference was conductive and exhibited an

electrochromic characteristic. Around 100 years later, description of polymers with

much higher conductivity appeared in the literature. For example, in 1963, Australian
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Figure 2.1. Chemical structure of some typical conductive polymers. The chemical structure

of three typical conductive polymers: (a) polyacetylene ((CH)x); (b) polyphenylene vinylene (PPV);

(c) polyaniline (PANI).

scientists reported a series of highly conductive PPys, which had a measured conduc-

tivity as high as 1 × 10−2 S/m. In 1968, R. De Surville and co-workers showed a PANI

which possessed a similar conductivity of 1.3 × 10−2S/m [74]. Even thought these ex-

perimental values of polymer conductivity were much greater than the ones reported

before, they were still not high enough for practical applications.

In late 1970s, the interest in conductive polymers started to grow significantly fol-

lowing the demonstration by researchers at IBM Research Laboratory that polythiazyl

((SN)x) can be superconductive [75]. In 1977, the attention on these materials became

even intense, when MacDiarmid’s team showed that the doping of polyacetylene films

could achieve an unprecedented of conductivity of 3800 S/m [33]. Since then, expecta-

tions in polymer conductivity have been raising continuously. As depicted in Fig. 2.2,

the DC conductivity of conductive polymers can range from 10−10 S/m to 107 S/m

which can be very close to that of silver, the most conductive metal.
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Figure 2.2. DC electrical conductivity range of conductive polymers. The DC electrical

conductivity of conductive polymers can range from 10−10 to 107 S/m.

During the last four decades, many conductive polymers have been studied in de-

tails and these include polyacetylene, PPV, PANI, polypyrrole (PPy) and Poly(3,4-

ethylenedioxythiophene) (PEDOT). Although polyacetylene is probably the most con-

ductive polymers investigated so far, the potential applications using this material are

quite limited due to the difficulty in processing and its inherent chemical instability. In

contrast, PPy can have reasonably high conductivity and environmental stability due

to its heteroaromatic and extended p-conjugated backbone structure [76]. The chem-

ical structure and a scanning electron microscope (SEM) image of PPy are shown in

Fig 2.3. By means of doping, which permits partial charge extraction from the chain,

the conductivity of neutral PPy can be dramatically increased from an insulating level

to a metallic level. PPy has been intensively studied for many applications such as for

electrodes in capacitors and rechargeable batteries, sensors, actuator and electromag-

netic devices [76].

Another type of polymer, namely Poly(3,4-ethylenedioxythiophene) usually referred

to as PEDOT, has drawn much attention recently, since it has excellent environmental

and chemical stability combined with high conductivity under doping [77]. These ad-

vantages have made it as promising material for broad applications in solid state capac-

itors, electrode materials and antistatic painting. Doping with poly(styrenesulfonate)

(PSS), PEDOT becomes PEDOT:PSS which exhibits high mechanical flexibility and ex-

cellent thermal stability, not to mention high conductivity [78, 79]. The chemical struc-

ture and an SEM image of PEDOT:PSS are displayed in Fig. 2.4.
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Figure 2.3. Chemical structure and an SEM image of PPy. (a) Chemical structure and (2)

an SEM image of PPy. The SEM image was adapted from [63].
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Figure 2.4. Chemical structure and an SEM image of PEDOT:PSS. (a) Chemical structure

and (2) an SEM image of PEDOT:PSS. The SEM image was adapted from [68].

In regard to electromagnetic applications of conductive polymers, electromagnetic in-

terference (EMI) shielding and antenna designs in the microwave region have gener-

ally been the two key aims. This is because conductive polymers have desired feature,

namely a high conductivity that can be easily controlled in the fabrication process.

For instance, metals or metal-coated materials are suitable for EMI shielding by wave

reflection. However, they can not be adopted for EMI shielding that is based on ab-

sorption due to their very shallow skin depth which is a direct consequence of their
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extremely high conductivity. In contrast, because of the comparatively low conductiv-

ity, conductive polymers not only can reflect but also absorb electromagnetic waves,

and thus they hold a critical advantage over metallic materials.

In a different context, namely for antenna design, high conductivity is obviously one of

the major criteria for judging the suitability of polymeric materials, since high conduc-

tivity is one of the two most crucial conditions guaranteeing high antenna efficiency.

The other crucial condition is the thickness of the conductive polymers, because it has

been proven to be very challenging to simultaneously synthesize conductive polymers

with high conductivity and sufficient thickness, due to the extraordinary challenge in

achieving conductive nanostructured grains vertically in the materials. As a result,

highly conductive polymers usually exhibit a very small thickness in the order of less

than one skin depth for RF and microwave applications. Therefore, the process-limited

thickness of conductive polymers determines the cross section area in the material

where RF current is flowing which is inversely proportional to the effective resistance.

If the polymer thickness is too small, for example much less a skin depth, this will lead

to a significant increase in the effective surface resistance by confining the RF currents

in an insufficient cross-sectional area.

A good understanding of the concept of skin depth is fundamental here. We assume

that a harmonic plane wave with an angular frequency of ω is propagating in a con-

ductive medium with permittivity, permeability and conductivity of ε, µ and σ, respec-

tively. The governing Maxwell’s equations in phasor form are:

∇× E = −jωµH (2.1)

∇× H = σE + jωεE. (2.2)

Then the corresponding wave equation for the electric field vector E is

∇2E + ω2µε(1 − j
σ

ωε
)E = 0, (2.3)

where the propagation constant γ for the plane wave in the medium is defined as
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γ2 = ω2µε(1 − j
σ

ωε
). (2.4)

Then the complex γ can be seen as a combination of the attenuation constant α and the

phase constant β which are its real and imaginary parts respectively:

γ = α + jβ =

√

ω2µε(1 − j
σ

ωε
) = jω

√
µε

√

1 − j
σ

ωε
. (2.5)

A non-zero attenuation constant α indicates that the field amplitude has an exponential

decay in the medium along the propagation direction. Since the conductive polymers

suitable for use in antenna technology are chosen with a high conductivity, meaning

that σ >> ωε, Formula 2.2.1 the can simplified to:

γ = α + jβ ≈ (1 + j)

√

ωµσ

2
). (2.6)

The skin depth δ for good conductors then can be defined as

δ =
1

α
=

√

2

ωµσ
, (2.7)

describing the depth for which the field amplitude in the conductor will decay by a

factor of e−1 (36.8%).

Based on the skin depth concept discussed above, it is noted that when electromag-

netic waves at microwave frequency flow in a good conductor, the skin depth is very

small. Nevertheless, it is very challenging to achieve sufficient thickness in the range of

dozens of micrometers with high conductivity for conductive polymers as mentioned

before. For instance, in [79], a five-layer spin-coated PEDOT:PSS thin film had one of

the highest conductivity reported, namely 2.35 × 105S/m, however with a thickness

only of 109 nm, which is approximately a one hundredth of the skin depth at 10 GHz.

As a result, even with a very high conductivity, this PEDOT:PSS thin film is not appro-

priate for microwave antenna designs due to the very limited thickness.

Consequently, to justify whether a sub-skin-depth-thick thin film material is suitable

or not for microwave antenna designs, a quantity called sheet resistance which is de-

pendent on conductivity and thickness can be conveniently adopted. Sheet resistance

Rs, in Ω/square, is defined through the following relationship:

Rs =
1

σd
, (2.8)
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where σ and d is the thin film conductivity and thickness, respectively. To quantita-

tively illustrate this measure, a copper thin film (5.8 × 107S/m) with one 10-GHz skin

depth (661 nm) is calculated to be 0.026 Ω/square whereas the PEDOT:PSS film in [79]

mentioned before had a value of 39 Ω/square. It is noted that generally the highest

achievable thickness for polymers with satisfactory conductivity is under the order

of 100 µm. This places challenges in realizing high efficiency antenna designs in the

microwave region. The next section will go through some typical polymeric antenna

designs for which the described trade-off between conductivity and layer thickness is

of concern.

2.2.2 Conductive polymer antenna designs

A variety of antennas based on different types of conductive polymers have been re-

ported in the literature, from optically transparent to opaque, rigid to flexible, and

narrow-band to UWB. In this context, it is worth mentioning the very first antenna de-

signs based on conductive polymers, as introduced by the pioneers who could sense

these materials’ great potential. The earliest reported transparent polymeric anten-

nas were presented by National Aeronautics and Space Agency (NASA) in 1997 [80],

namely including two antennas working at 2.3 and 19.5 GHz based on a transparent

conductive dioxide polymer AgHT-8. This work has showed the feasibility of trans-

parent and conformal antenna design based on polymeric materials, although the an-

tennas were not flexible.

The following research work can be considered as a classical specialized antenna ex-

ample that does require to be made of conductors with relatively low conductivity -

a requirement that conductive polymers can fit very well. In this case, a four-element

crossed dipole direction-finding antenna assembly based on a fabric realized in S2 glass

fibers with PPy coating layer(s) was reported in 1999 [36]. This design used PPy rather

than metal to reduce the antenna radar cross section (RCS), to gain corrosion resistance

and to exploit adjustable electromagnetic properties, by smartly taking advantage of

the relative low conductivity (from 10 to 100 S/m) in the PPy coating. The rationale

for avoiding metals in this design is two-fold: i) metals are heavy and have very high

metallic conductivity leading to a large RCS due to the strong incident wave reflec-

tion, and ii) low antenna efficiency is acceptable or can be compensated. However, this
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concerned a very special application, and more generally highly conductive conduc-

tors are naturally a common requirement for the majority of antenna designs, so as to

achieve high antenna efficiency.

Because of the relatively low conductivity and the process-limited thickness, anten-

nas based on conductive polymers usually have a low efficiency. For instance, S. Ci-

chos and co-workers presented a performance study of polymer-based RFID antennas

working at 13.56 MHz for short range communication in 2002 [69]. The experimen-

tal results from this study demonstrated that antennas realized with conductive poly-

mer pastes achieved approximately only an half of the read range of a corresponding

copper antenna. This can be straightforwardly attributed to the higher ohmic losses,

and it was also demonstrated that the read range can be improved by increasing the

paste thickness and using lamination. Making the paste thickness larger or laminating

them are two ways to improve the paste conductivity and thus lower its ohmic losses.

Although the achieved read range is shorter for the polymeric antennas, they do of-

fer the advantages of low cost and light weight. Another two dipole antennas based

on PEDOT:PSS also for RFID applications were proposed by N. J. Kirsch et al [38],

as shown in Fig 2.5. These antennas were realized on a polyethylene terephthalate

(PET) substrate using modified PEDOT:PSS ink patterned with screen printing and in-

ject printing technologies. Hence, the antennas exhibited a light weight and excellent

mechanical flexibility, as demonstrated in Fig. 2.5. In spite of the impressively high

conductivity of the polymer ink (5 × 105S/m), the polymeric antenna prototypes have

a much lower gain (2 to 6 dB lower) than the copper ones, due to the very limited

achievable printed polymer thickness and low film quality. Having said that, the best

antenna reported in this study can still be practically used in an RFID system [81]. The

authors also have conducted a performance study of a similar polymeric dipole an-

tenna in a multiple-input multiple-output (MIMO) system, which concluded that the

antenna yields approximately half of the copper antenna efficiency due to the relatively

low conductivity [82].

Through theoretical and experimental analysis, researchers quantified that, besides

high conductivity, sufficient thin film thickness is another critical condition for achiev-

ing high antenna efficiency. In 2010, Verma et al. investigated the effect of film thick-

ness on the radiation efficiency of a 4.5 GHz PPy patch antenna [83]. Four PPy thin

films with identical conductivity but different thicknesses (all below one skin depth)

were utilized to manufacture four patch antennas of identical geometry. The results of
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(a) (b)

Figure 2.5. Two dipole antennas realized in PEDOT:PSS for RFID applications. (a) a half-

wave dipole and (2) a meandering dipole, all adapted from [38]. These antennas exhibit excellent

mechanical flexibility.

Table 2.1. Film thickness effect on antenna efficiency. PPy thin film thickness and DC sheet

resistance, and the corresponding antenna radiation efficiency, with respect to a copper reference

antenna, reported in [83]

Thickness (µm) DC sheet resistance (Ω/square) Radiation efficiency (%)

PPy 40 12.5 38.5

PPy 50 10 47.8

PPy 90 5.56 52.3

PPy 140 3.57 64.8

Copper 17 N/A 99.6

this experimental are shown in Table 2.1 where a larger film thickness translated to a

higher antenna efficiency. Another similar study for an UWB antenna realized in two

PPy films with different thickness was accomplished by Kaufmann et al., which also

confirmed that sufficient film thickness is crucial for antenna efficiency. The conduc-

tion efficiencies of both PPy UWB antennas are shown in Fig. 2.6 where the thicker PPy

film offers a higher antenna efficiency.

The efficiency of antennas based on lossy conductors like conductive polymers can

be strongly dependent on the antenna radiation characteristics. For example, a reso-

nant antenna such as slot antenna will have a lower antenna efficiency compared to

a non-resonant antenna such as a leaky-wave antenna, since the resonance process

will typically build up a higher current density and thus cause higher ohmic losses
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Figure 2.6. Conductor efficiencies of two PPy UWB antennas. The conductor efficiencies

of two identical UWB antennas realized in a 116-µm- and a 158-µm-thick PPy thin film, adapted

from [84].

in the conductor. Especially when the conductor has a thickness well below a skin

depth and a relatively low conductivity, the discrepancy between antenna types can

be significant. As a good example to show this phenomena, an UWB antenna realized

using PPy film was reported by Kaufmann et al, with a remarkable antenna efficiency

of nearly 80% [4]. As shown in Fig. 2, the UWB antenna is of a three-layer structure

which consist of a Rogers Ultralam 2000 dielectric substrate between two patterned

layers of 158-µm-thick and highly conductive (2700 S/m) PPy films. The DC sheet re-

sistance of the PPy film is 2.3 Ω/square. In contrast, a proximity patch antenna made

from a sufficiently thick and conductive PANI films only has an efficiency of 56% [35].

The PANI film features a higher conductivity of 6000 S/m and a sufficient thickness of

100 µm, equalling to a DC sheet resistance of 1.66 Ω/square. The main reason why this

patch yields a much lower efficiency compared to the UWB antenna in [4] even if using

a better polymer film (i.e. with lower DC sheet resistance) , is that the UWB antenna is

not a resonant antenna while the patch antenna is.

One potentially groundbreaking application of conductive polymers in antenna de-

sign is for reconfigurable devices in which the polymer adjustable conductivity can

used as the antenna turning mechanism. A published article has proposed this con-

cept using a patch antenna with two strips loaded on the patch edges [71], as shown in

Fig 2.8. These two strips can be made from conductive polymers with tunable conduc-

tivity and therefore, the patch resonant frequency can be reconfigured by ’electrically

turning on or off’ these strips. However, this design was only experimentally verified

by physically removing the two edges, raising doubts on the feasibility of a practical

realization.
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(a) (b)

Figure 2.7. High efficiency PPy UWB antennas. The UWB antenna has one layer substrate

in the middle, two patterned layers of 158-µm-thick PPy on top and bottom, exhibiting a very

satisfactory efficiency of nearly 80%. (a) Antenna top view and (b) bottom view, adapted from [4].

Figure 2.8. A reconfigurable patch antenna concept. A reconfigurable patch antenna concept

with two patch edges realized in conductivity-adjustable materials such as conductive polymers,

adapted from [71].

Another important aspect in polymeric antenna design is the mechanical flexibility.

A dual-band elliptical planar conductive polymer antenna with reversible mechanical

flexibility was reported in [85], as illustrated in Fig. 2.9. By incorporating carbon nan-

otubes (CNT) to a PANI film, a high conductivity of 4500 S/m was achieved, together

with an appreciable thickness of 75 µm. In this design, a 130 µm- thick flexible kapton

substrate was used to attain a decent conformability. However, the antenna flexibility

and thickness can be improved if a thinner and more flexible substrate is used.

Table 2.2 summarizes the state of the art for antennas based on conductive polymers

found in the literature, and highlights their key parameters and features. The signif-

icant parameters and performance measures include thickness, conductivity and DC
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Figure 2.9. A flexible dual-band planar elliptical antenna. The crumpled dual-band antenna,

adapted from [85].

Table 2.2. The state of the art of conductive polymer antennas. The key parameters and

features of typical antennas based on conductive polymers

Materials σ (S/m) d (µm) Rs (Ω/square) Efficiency Flexibility Year

PANI 6000 100 1.6 56.0% None 2006 [35]

PEDOT:PSS 500000 Unknown Unknown ∼56.2% Excellent 2009 [38]

PEDOT:PSS 10000 7 14.3 33.6% None 2010 [3]

PPy 2000 140 3.6 64.8% None 2010 [83]

PEDOT:PSS 2720 158 2.3 79.2% None 2012 [4]

PANI/CNT 4500 75 2.9 Unknown Excellent 2015 [85]

sheet resistance of the conductive polymer films, as well as the efficiency and mechan-

ical flexibility of the antennas.

In summary, a brief review on the development, the features and the state of art of con-

ductive polymers and their application to antenna technology has been given in this

section. Based on this review, one can identify the desired performance/functionalities

and the corresponding main challenges in conductive polymer antenna designs as fol-

lows:

• Achieving high antenna efficiency, which requires overcoming the inherent lim-

itations in conductive polymers synthesis, namely the relative low conductivity

and process-limited thickness;

• Designing antennas with mechanical flexibility and reconfigurability, which re-

quires, taking advantage of the properties of conductive polymers such as me-

chanical resilience and conductivity tunability.

Page 30



Chapter 2 Background

2.3 Antenna designs based on graphene composites

Graphene has high mechanical strength and exceptionally high thermal and electri-

cal conductivities [86]. In 2004, A. Geim and K. Novoselov rediscovered, isolated and

characterized graphene. For this groundbreaking work they were awarded the No-

bel Prize in Physics in 2010. Since then graphene development has become a ’gold

rush’ in the global research community, with developments targeting the production,

the synthesis with other materials and the applications of graphene/graphene com-

posites. Graphene can be applied for a variety of advanced applications including

optoelectronic devices [87, 88], energy storage [89], sensors [90], EMI shielding [91]

and antenna design [6, 7, 92–94]. More specifically for this last mentioned application,

antennas based on a piece of graphene which is a monolayer of carbon atoms were

proposed for application in terahertz (THz) communications [95–98]. This appears

more appropriate in that frequency range than at microwave, due to graphene’s high

loss of monolayer graphene in the microwave region [39]. However, to date, due to

the difficulties in fabrication and measurement, a practical THz antenna realization is

yet to become available in the literature, even if intensively researched in theoretical

and numerical works. In contrast to monolayer concepts, various antennas based on

graphene composites including graphene inks have been realized and experimentally

demonstrated recently for applications in the microwave range [6, 7, 93]. This section

presents a brief overview on graphene/graphene composites and their application to

antenna designs, with focus on microwave realization and their challenges in terms of

efficiency and fabrication.

2.3.1 Graphene and graphene composites

Graphene is a two-dimensional carbon atom layer that take the form of a honeycomb

lattice. An atomic force microscopy (AFM) image of graphene is shown in Fig. 2.10,

where graphene layer thickness can be found in the region of 9 Å (0.9 nm). It is a ba-

sic building structure of other allotropes such as graphite, fullerenes and carbon nan-

otubes, as depicted in Fig. 2.11 [86]. This famous material has been proven to possess

unique properties such as high mechanical strength and exceptionally high electrical

and thermal conductivities for a non-metallic material. Particularly, it has interesting

electronic properties allowing ballistic transport with a high ambipolar charge carrier

mobility of 2.5 × 105 cm2V−1s−1 and carrier density of 1013 cm−2 [86, 99]. Besides,
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with increasing bias voltage, the graphene resistivity will quickly decrease and hence

the graphene conductivity can be controlled. As a result, graphene can be very promis-

ing for electromagnetic applications such as EMI shielding [91], RF electronic [100] and

antennas [6, 7, 93, 95–98].

Figure 2.10. An atomic force microscopy image of a flack of graphene. An atomic force

microscopy image of a flack of graphene adapted from [86], where the single layer region has a

thickness of 9 Å (0.9 nm).

Figure 2.11. Mother of all graphitic forms. Graphene is a 2D layer of carbon atom which can be

made to different forms such as fullerenes, nanotubes or stacks, adapted from [86].

Page 32



Chapter 2 Background

In particular, graphene can especially find prospective application in the antenna de-

sign dedicated for the THz band. A typical application is for nanoscale wireless com-

munications such as on-chip optical communication where classical metallic antennas

in the required nanometer scale are not fitting any more. This is because, metallic

antennas in this scale will have very high operating frequency thus low antenna effi-

ciency which will be fatal for the system [95]. The main reason is that, at very high

frequency, the low electron mobility in a metallic nanoscale structure will cause high

power consumption. In contrast, when compared to a metallic counterpart, graphene-

based nanoscale antennas of a few microns, can theoretically radiate electromagnetic

waves with a remarkably lower operating frequency (in THz band) and a higher radia-

tion efficiency, by exciting transverse magnetic (TM) surface plasmon polaritons (SPPs)

in graphene [95, 97]. Also as aforementioned, with higher bias voltage the graphene

resistivity will quickly drop and therefore the graphene-based antennas status has the

potential to be dynamically controlled. In addition, graphene exhibits impressive char-

acteristics such massless Dirac electronic structure and extremely high electrical and

thermal conductivity, which are desired for the THz region [97]. All these outstanding

properties open promising perspective for graphene in antenna applications for the

THz band. However, these antennas are yet to be experimentally demonstrated, since

the challenges for producing graphene sheet with a thickness of a few micrometers and

accurate patterns suitable for realizing antennas remain.

Monolayer graphene is not a good candidate as conductor materials for antenna de-

signs in the microwave range, because of the very high sheet resistance caused by

the extremely thin 2D atomic structure. In addition, one can mention the significant

difficulty in realizing large size graphene sheets [39, 40]. Fortunately, other form of

graphene-related materials such as exfoliated graphite, graphene oxide (GO) and re-

duced graphene oxide (RGO) can be reliably produced in large scale and thus can be

used for synthesising graphene-based materials [101]. This actually opens numerous

opportunities to create more graphene-based products specifically dedicated to vari-

ous new applications.

One of the most critical steps is, in a affordable and time-effective way, creating large

quantities of quality graphene ingredients, namely defect-free and oxide-free graphene

sheets. This is the reason why significant efforts have been placed into the method

development for graphene mass production [101–103]. One of the most inexpensive

and environmentally-friendly method for large-scale single and few-layer graphene
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production is liquid-phase exfoliation of graphite in aqueous solution [90, 104, 105]. A

graphene product based on this method reported in [105] is shown in Fig. 2.12, with a

size of approximately 3 µm × 10 µm.

Figure 2.12. A TeM image of a flack of graphene. A TeM image of a flack of graphene adapted

from [105], this graphene was fabricated using liquid-phase exfoliation of graphite in aqueous solution.

Once a great amount of high quality graphene sheets are available, the next step is

material synthesis using these products. They can be either included in graphene inks

with dispersants, solvents and binders, or mixed with other elements such polymers

and metal nanoparticles to form graphene-based composites. The main graphene-

based composites can classified into three main types: graphene-polymer, graphene-

metal nanoparticles and graphene-semiconductor nanomaterials [101]. The graphene-

polymer composites are widely used in different applications including microwave an-

tenna technology due to their high electrical conductivity, mechanical strength, ther-

mal stability and high thermal conductivity [101]. Graphene inks, particularly those

available commercially, can also find their roles as conductors in antenna designs. Fig-

ure 2.13 shows one commercial graphene ink containing graphene nano-flakes well-

dispersed in aqueous solution, which can be deployed to generate electrical and ther-

mal conductive films. The advantage of these inks is their binder-free feature, which

implies high conductivity since binder material builds a barrier that deteriorates the

electrical connection between graphene platelets.
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Figure 2.13. Graphene ink: Grat-ink 102E, from BGT Materials Limited. Illustration of a

commercial graphene ink from BGT Materials Limited, consisting of well-dispersed graphene nano-

flakes in aqueous solution.

2.3.2 Antenna designs

As mentioned previously, nanoantennas based on graphene monolayers are theoreti-

cally one of the most suitable materials for THz micro- and nano-antenna, potentially

enabling reconfigurability in antennas. Consequently, many theoretical studies on THz

graphene antenna designs [95, 106] and especially reconfigurable ones [94, 96–98, 107],

have been reported in the literature. Nevertheless, these THz nanoantennas concepts

will not be described here in details since they are beyond the scope of this thesis.

As discussed before, graphene according to its strict definition, namely as single-atom

sheet with a thickness of less than 1 nm, is not suitable for antennas working at mi-

crowave frequency due to the skin depth effect, even if assuming its size and shape

is controllable. The DC sheet resistance of a monolayer graphene sheet without any

DC bias can be as high as 3500 Ω/square according to the literature [108]. However,

microwave antennas can benefit from using graphene composites by which chemical

stability, mechanical flexibility and low-cost synthesis can be achieved. These prop-

erties are highly desired for antennas dedicated to RFID and WBAN systems. As a

consequence, various antennas realized in graphene composites including commercial

graphene inks for RFID applications have been presented in the literature, suggesting

an excellent potential of this concept.

In 2013, Shin et al. realized a conductive thin film based on a graphene/polyaniline/-

poly(4-styrenesulfonate) (G/PANI/PSS)-based conducting paste, with a conductivity

of 1.4 × 103 S/m and a thickness of 70 µm [93] which lead to a DC sheet resistance

of 10 Ω/square. Then a 910-MHz flexible loop antenna for RFID application, as shown
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in Fig. 2.14, was fabricated using this thin film, showing a satisfactory reflection coef-

ficient. In this work the antenna efficiency was not reported and it is to expect that the

actual efficiency should be not high due to the relative high surface resistance. Never-

theless, the system test results indicate that the antenna worked and achieved a read

range of 0.42 m. In contrast to graphene-based materials synthesized in research labo-

ratories, commercially available graphene inks are more convenient and economical to

use. The same group has presented the first fabrication of patterned graphene sheets by

injet printing and used these materials for a 500-MHz dipole antenna realization [109].

The patterned graphene sheets exhibited a DC sheet resistance of 65 Ω/square which

suggests a very low antenna efficiency, even if no efficiency data are presented in the

paper. However, this paper indicates the promising feasibility of printing-technology-

based graphene antenna realization.

Figure 2.14. A graphene-based loop antenna. A flexible loop antenna based on G/PANI/PSS-

based film, adapted from [93].

Very recently, a few RFID antennas based on commercial graphene inks were reported.

An RFID dipole antenna for the industrial, scientific and medical (ISM) 915-MHz band

realized in the graphene ink shown in Fig. 2.13 was reported in [6]. The antenna was

printed using graphene inks on a thin foam substrate, following the printing process

by a rolling compression process, which enhanced the conductivity by 5 time to 4.3 ×
104 S/m. The antenna and its fabrication process are depicted in Fig 2.15. The final

graphene laminate had a thickness of 6 µm which is only 0.075 times one skin depth,

yielding a DC sheet resistance of 3.8 Ω/square. As a result of the limited film thickness,

the antenna holds a relatively low efficiency of 50% approximately, estimated based on

the measurement results presented in [6]. Nevertheless, the proposed antenna offers
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a very cost-effective and environmentally-friendly solution for high-volume low-cost

RFID applications, while retaining a practically viable antenna performance.

Figure 2.15. A graphene-based dipole antenna. The dipole antenna was printed on a thin foam

substrate using commercial graphene ink, followed by a drying and a rolling compression process.

These figures are adapted from [6].

Another very similar RFID dipole antenna design fabricated based on commercial

graphene ink using a doctor-blading technique was reported in [7], as shown in Fig 2.16.

The antenna was realized by evenly spreading graphene ink on the substrate with a

mechanical mask where a doctor blade was used to flatten and control the ink thick-

ness. This dried graphene-based film achieved a conductivity of 1.25 × 104 S/m and

a thickness of 42 µm, leading to a DC sheet resistance of 1.9 Ω/square. The antenna

was measured to have an efficiency of 40% and this modest performance is mainly at-

tributed to the fact that the film thickness is only approximately one third of the skin

depth. However, this low-cost and environmentally-friendly antenna can still be prac-

tically used in RFID applications. An analysis of the performance of RFID antennas

realized in graphene inks have been conducted and the results are discussed in [110],

where a relative low antenna efficiency was also observed.

Figure 2.16. A graphene-based dipole antenna. The dipole antenna was fabricated on a card-

board using commercial graphene inks, with a doctor-blading technique. These figures are adapted

from [7].
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Table 2.3. The state of the art of antenna realizations based on graphene composites. The

key parameters of typical antennas realizations based on graphene composites

Materials σ (S/m) d (µm) Rs (Ω/square) Efficiency Year

Graphene 50000 0.3 65 Unknown 2011 [109]

Graphene/PANI/PSS 1400 70 10 Unknown 2013 [93]

Graphene 43000 6 3.8 ∼50% 2015 [6]

Graphene 12500 42 1.9 ∼40% 2016 [7]

Table 2.3 summarizes the key parameters of typical antenna realizations based on

graphene thin film, which include the thickness, conductivity and DC sheet resistance

of the graphene films, as well as the antenna efficiency. In summary, these aforemen-

tioned graphene-based antenna realizations have demonstrated that graphene-based

composites can be very beneficial for microwave antenna development, since they can

offer high electrical and thermal conductivity, mechanical flexibility, chemical stabil-

ity, low cost and environmental friendliness. However, a common problem can still

be observed in the available designs in the form of a relatively low antenna efficiency.

Therefore, the improvement of graphene-based antenna efficiency is a significant re-

quirement, which can be achieved by adapting the design and increasing the graphene

film conductivity and thickness, as demonstrated later in Chapter 4.

2.4 Antenna designs based on conductive textiles

Conductive textiles are fabrics that have electrical conductivity. These fabrics can be

made highly conductive, flexible and lightweight, and they are generally extremely ro-

bust [111]. These textiles can perfectly serve as conductors for the main components of

wearable systems such as antennas, transmission lines and electric components, since

they are able to offer outstanding mechanical conformability and resilience, highly

comfortable wearability and excellent bio-compatibility [112]. A large number of con-

formal and wearable antennas realized in conductive textiles have been reported in

the literature in the last decade, with a trend of rapid growth [113]. Nevertheless, since

textile antennas have very different physical properties compared to rigid antennas,

challenges in antenna feeding, ground-shorting and interconnection with electronics
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are encountered by antenna researchers and engineers [112]. This section briefly re-

views firstly conductive textile materials and secondly wearable textile antenna de-

signs, with particular attention placed on the feeding, shorting and interconnection

challenges associated with these antennas.

2.4.1 Conductive textiles

Conductive textiles have an unbelievably long history and the earliest realizations are

believed to have been developed for aesthetical purpose, for example taking the form

of gold-coated threads produced in ancient times. In recent times however, these fab-

rics have been given more meanings in their functionality. Nowadays, development

of conductive textiles have accelerated because of the intensive demands in e-textiles

which are also widely known as smart textiles or electronic textiles. As a consequence,

the available fabrics are now subjected to increasingly strict criteria in their electrical

and physical properties [112]. More specifically in regard to conductive textiles typi-

cally employed in the wearable antenna domain, satisfactory antenna performance is

required while maintaining comfort and wearability. Thus, the conductive textiles are

generally required to have homogeneous conductivity with value close to that of met-

als, while exhibiting a very thin thickness with mechanical resilience, light weight and

bio-compatibility [114].

There are different methods to fabricate conductive textile and the most commonly em-

ployed ones include coating, embroidery, weaving, knitting and printing, as illustrated

in Fig. 2.17. Thanks to these mature and continuously improving fabrication tech-

nologies, conductive textiles with premium quality can now be very cost-effectively

manufactured at large scale, providing essential and affordable constituent building

materials for wearable antennas with outstanding physical and electrical character-

istics. As a consequence, since the last decade or so, antenna researchers and engi-

neers have conveniently exploited commercial conductive fabrics for textile antenna

designs [17, 116, 117].

Some popular commercial conductive textiles are shown in Fig. 2.18. Some of the avail-

able products can have a very small thickness of 80 µm and extremely low DC sheet

resistance of 0.01 Ω/square [118]. This corresponds to the same order of magnitude as

a pure copper thin film. As a result, antennas realized based on these materials oper-

ating in the microwave region will have an extremely low ohmic loss, and therefore
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(a) (b) (c)

(d) (e)

Figure 2.17. Main fabrication methods for conductive textiles. The most commonly utilized

fabrication methods for conductive textiles: (a) coating (adapted from [115]) (b) embroidery (c)

knitting (d) weaving and (e) printing.

(a) (b)

(c) (d)

Figure 2.18. Some commercially available conductive textiles from LessEMF. Some commer-

cially available conductive textiles from LessEMF: (a) textured silver shielding fabric (b) pure copper

polyester taffeta fabric (c) ripstop silver fabric and (d) nickel/copper ripstop fabric, all adapted

from [118].
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antennas made of such fabrics are very likely to achieve a high total efficiency pro-

vided other losses such as dielectric and mismatch losses are small. Indeed, such high

performance can be observed in the relevant antenna review in the next section. How-

ever, new scientific and technical challenges in antenna design, for example concern-

ing shorting and connection strategies, are encountered by researchers and engineers.

More specifically, due to the very unique physical features of textile materials, dedi-

cated shorting and connection arrangements based on textile-compatible components

such as embroidery vias and metallic shorting vias are critically required to realize

reliable and performing textile antennas.

2.4.2 Wearable antenna designs

Wearable antennas are an essential component towards garment-integrated wearabil-

ity for wireless applications. They are required to have reversible mechanical flexi-

bility, deformation-insensitive electrical performance, high wearability implying light

weight, low profile, and they should be amenable to garment integration. Not sur-

prisingly conductive textiles are one of the most appropriate classes of conductors for

wearable antenna designs [112]. As a result, a wide range of conventional wearable tex-

tile antennas, including dipoles [41], slots [119], microstrip patches [10, 11, 13, 31, 120–

123], PIFA [124], substrate-integrated-waveguide- (SIW) [20] and half-mode-substrate-

integrated-waveguide- (HMSIW) based cavities [21, 22], and UWB [17, 18] antennas,

have been reported in the literature.

Standing out amongst wearable textile antenna designs, microstrip patch antennas are

the most reported garment-integrated antenna type since they are best suited for gar-

ment integration due to their low profile, compactness and electromagnetic isolation

from the human object arising from their ground plane. For instance, Hertleer et al.

have presented a textile patch antenna operating at 2.4 GHz integrated into a protec-

tive clothing for fire-fighters [14]. Thanks for the superior mechanical flexibility and

low DC sheet resistance (0.1 Ω/square) of the textile materials, the proposed antenna

was shown to be very easily integrated into the garment with a satisfactory antenna

efficiency of 62%. The antenna geometry and the integration configuration are dis-

played in Fig 2.19, which indicates that the antenna was covered by two protective lay-

ers. Similarly, Vallozzi et al. have reported another garment-integrated patch antenna

with dual polarization in 2010 [125]. The antenna electrical connections are shown in
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Fig. 2.20, where the antenna was connected through two SMA connectors and coaxial

cables.

(a) (b)

Figure 2.19. A patch antenna geometry and its garment integration configuration. (a)

Antenna geometry and (b) garment integration configuration, all adapted from [14].

Figure 2.20. A patch antenna inside the hosting garment. The antenna electrical connection

through SMA connectors and coaxial cables inside the garment, adapted from [125].

Another aspect of importance for garments with integrated textile antenna is the reli-

able connection to electronics. Since the antennas are usually not removable from the

garment, they will remain on the garment when it needs washing for hygiene or main-

tenance purpose. However, the electronics connected to the antenna have to be taken

away, as they would be damaged by the washing process. Therefore, a reliably detach-

able electrical connection between the antenna and the electronics is highly desired to

form a convenient and repeatable reconnection. An investigation of a removable feed-

ing arrangement for wearable textile patch antenna was performed in [126]. As shown

in Fig 2.21, the removable electrical connection between the antenna and the coaxial
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Figure 2.21. A removable feeding for a textile patch antenna. A removable electrical connection

for wearable garment-integrated textile antenna based on a snap-on connector, adapted from [126].

cable is realized based on a purpose-made snap-on connector. Through this connec-

tion arrangement, the clothes with integrated antenna can be safely washed while the

electronics can be disconnected by simply detaching the snap-on connector.

A further relevant aspect in textile wearable antenna technology is the realization of

vias. Cavity-based antennas or antennas with ground-shorting(s) may require vias to

form the cavity wall(s) or the shorting(s). When these devices are made from textiles,

textile-compatible vias are critical to ensure high-quality vias connections, which is a

difficult task because of the special physical properties of textiles. Specific metallic

shorting vias are required, taking the form of conductive textiles strips, embroidered

conductive threads or metallic eyelets.

(a) (b)

Figure 2.22. Textile PIFA using textile shorting vias. A textile PIFA antenna whose ground

shorting is realized in the same conductive textiles: (a) antenna geometry and (b) a realization,

adapted from [124].

One of the most convenient method to realize a short is shown in Fig. 2.22. If the an-

tenna short can be accommodated outside of the substrate, the short, the patch and
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(a) (b)

Figure 2.23. Textile antennas using metallic eyelet vias. (a) A textile cavity-backed slot antenna

(adapted from [20]) and (b) a textile HMSIW-based antenna using metallic vias to form a shorting

wall (adapted from [22]).

the ground plane can be just simply realized using a single piece of conductive tex-

tile. However, for other cases where the shorting or the cavity wall is located inside

the substrate, more complex methods are needed. For example, as shown in Fig 2.23,

a textile cavity-backed slot antenna [20] and a textile HMSIW-based antenna [22] use

metallic eyelet vias to realize a shorting wall. Using a different approach, figure 2.24

shows a textile HMSIW-based antenna using embroidery vias based on conductive

threads to form a shorting wall [21]. Similarly, a textile patch antenna with two ground

shortings based on the same technique was reported in [123]. The two embroidered

shortings are there to form the boundary conditions for achieving higher-order mode

in the antenna. The metallic vias method generally provides better electrical perfor-

mance but this is counterbalanced by higher manufacturing cost when compared to

the embroidery method. Based on these observations, shorting and connection strate-

gies for textile antennas should be carefully considered during antenna design process,

since they can significantly affect for the antenna performance.

Finally, reconfigurable or active antennas can be very useful for wearable applications,

since they are capable of providing adaptive antenna characteristics and thus better

reliability in changing environmental conditions. However, a very limited number of

wearable reconfigurable designs have been reported in the literature. This is attributed

to the difficulty of creating reliable connections between the textiles and the solid elec-

tronic components and/or printed circuit boards (PCB), which is caused by their very

different physical properties. An active microstrip patch with a circuit for amplifying

the antenna gain was reported in [127]. The antenna with its electronic circuit board is

shown in Fig. 2.25. The circuit board and the surface-mount components are not real-

ized on textiles, because doing that would lead to very unreliable connections between
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(a) (b)

Figure 2.24. Textile antennas using embroidery conductive threads as shorting vias. (a) A

textile HMSIW-based antenna using embroidery conductive vias to from the shorting wall (adapted

from [21]) and (b) a textile patch antenna using embroidery conductive vias to form a ground shorting

(adapted from [123]).

Figure 2.25. An active textile antenna with its circuit board. An active textile antenna with

its circuit board loaded with surface-mount components. adapted from [127]).

the components and textiles, when worn by a human object. Hence, reliable connec-

tion between textiles and rigid electronic components is a significant requirement to

achieve advanced textiles antenna designs like reconfigurable devices.

In summary, on the one hand, conductive textiles have been shown to offer the de-

sired electrical and mechanical features for wearable antenna designs. However, on

the other hand, significant efforts are crucially necessary for enhancing their practical

applicability. This includes designing appropriate antenna feeding, as well as shorting

and interconnection with other electronics.
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2.5 Summary

This chapter has presented a descriptive review on three promising antenna conduc-

tors including conductive polymers, graphene/graphene composites and conductive

textiles, in the perspective of their application in antenna technology. The analysis of

the advantages and disadvantages of each of these three materials for antenna tech-

nology has revealed the specificities for each approach. This builds the fundamental

knowledge for the following chapters of this thesis.
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Chapter 3

Conductive Polymer
Antennas

A
NTENNAS based on conductive polymer thin films can

have very attractive characteristics such as reversible mechan-

ical flexibility, light weight, ease of processability, corrosion re-

sistance and low cost. However, due to the relatively low conductivity and

the process-limited thickness, achieving high antenna efficiency becomes

the highest priority for designing this type of antennas. Additionally, ex-

ploiting the reversible mechanical conformability of the materials to realize

highly flexible antennas is another significant aspect.

This chapter proposes three different engineering methods to improve the

efficiency of conductive polymer antennas. Firstly, a non-resonant antenna

design strategy is adapted, for the aim of minimizing RF current density

and therefore the ohmic losses in the antenna. Secondly, a very simple but

effective chemical treatment using methanol is utilized to dramatically im-

prove the polymeric film conductivity. Following that, a multilayer lami-

nated structure which can effectively reduce the skin effect losses in lossy

conductors through increasing the wave penetration, is proposed as the

third strategy. Finally, a multilayer conductive polymer microstrip-fed slot

antenna is demonstrated, with focus on considerations for a robust design,

both in terms of mechanical flexibility and radiation properties.

Page 47



3.1 Introduction

3.1 Introduction

Conductive polymers have become a significant research thrust since the very first re-

port of very high electrical conductivity in polyacetylene was published in 1977 [33,34].

Since then, the combined efforts from chemists, physicists and engineers has broadly

accelerated the research progress. Nowadays, conductive polymers are utilized for a

wide range of applications including chemical sensors [62–64], biosensors [65], printed

electronics [66], supercapacitors [67, 68] and electromagnetic devices [3, 36, 69, 70]. In

particular, these materials are very promising for antenna design, especially for devices

dedicated to flexible and wearable applications, since these materials can possess suf-

ficiently high electrical conductivity, outstanding mechanical flexibility and resilience,

light weight, bio-compatibility, and convenient processability [72]. Amongst the domi-

nant conductive polymers such as polyacetylene, PPV, PEDOT, PEDOT:PSS, PANI and

PPy, the last three have been frequently used as antenna conductors, as they can be

excellent electrical conductors with outstanding chemical stability. As such, they can

provide an environmental friendly alternative to metals [76, 77].

However, it has been proven that simultaneously synthesizing conductive polymers

with high conductivity and sufficient thickness is very challenging. This is because

forming stable conductive nanostructure grains vertically in the material is extraordi-

narily difficult. As a result, the majority of conductive-polymer-based antennas exhibit

a relatively low efficiency. For instance, a proximity-coupled microstrip antenna whose

ground plane and feed line were realized in copper whereas the radiating patch was

made of PANI, has been reported to have a 56% efficiency [35]. Similarly, two mi-

crostrip antennas using copper for their ground plane and PPy for their patch, have

also been demonstrated with efficiencies of 62% [128] and 65% [83] respectively. If all

conductors in these three antennas were polymers, the efficiency would be even lower.

Additionally, these antennas were not realized on flexible substrate, meaning that the

polymers’ advantage of mechanical resilience was not exploited. These situations sug-

gest that improving antenna efficiency and implementing truly flexible devices are two

major necessary steps to express the potential of conductive polymer antennas. Sev-

eral avenues can lead to an improvement of the antenna efficiency: one can utilize an

efficiency-driven antenna design, enhance the film conductivity or increase the film

thickness while maintaining the conductivity.

The first part of the present chapter is focused on all these three strategies and provide

detailed analysis and experimental validation. First, a non-resonant antenna design
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strategy is adapted, with the aim of minimizing RF current density and therefore the

ohmic losses in the antenna. Second, a very simple but effective chemical treatment

using methanol is utilized to dramatically improve the polymeric film conductivity.

Third, a multilayer laminated structure which increases the effective film thickness by

reducing the skin effect losses is proposed. Another important aspect for polymer an-

tennas is their mechanical conformability. Therefore, in the second part of the chapter,

as illustration, a polymeric microstrip-fed slot antenna is discussed with emphasis on

dedicated antenna engineering considerations to maximize mechanical flexibility.

3.2 Non-resonant antenna strategy

This strategy is based on the fact that, compared to non-resonant antennas, resonant

antennas generally have relatively high ohmic loss due to the higher current densities

built up through the resonance process [129]. By utilizing a non-resonant design, the

impact from the limited conductivity on the antenna efficiency can be significantly re-

duced. To demonstrate that, a non-resonant new coplanar waveguide (CPW) fed UWB

antenna realized in PEDOT:PSS thin film has been designed and measured. Accord-

ing to the measurement results, the antenna exhibits an averaged radiation efficiency

above 85% and a nearly 90% averaged conduction efficiency over the operating fre-

quency range from 3 to 20 GHz. This is, to the best of our knowledge, the highest

reported efficiency to date for a non-metallic antenna of this type. All these findings

indicate that this type of antenna has successfully overcome the limitations in conduc-

tivity and thickness of conductive polymers. Furthermore, by using a CPW feeding

structure and a sticky tape as the substrate, the antenna features exceptional reversible

mechanical flexibility and robustness, which shows its promising potential for possible

seamless integration in flexible electronics.

3.2.1 Antenna materials

PEDOT:PSS is a stable conductive polymer and can be produced using commercial

formulations with low-cost manufacturing techniques such as spin or spray coating

and screen or inkjet printing [130]. Therefore, a PEDOT:PSS thin film has been chosen

as the conductors for the antenna. To maximize the flexibility and minimize the weight

of the antenna, a sticky tape has been selected as the substrate. The tape not only offers

flexible and robust mechanical support, but also provides fabrication convenience for
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Table 3.1. Copper and PEDOT:PSS thin films skin depth comparison. DC conductivity and

skin depths of copper foils and PEDOT at the antennna’s lowest and highest operating frequencies

Conductivity Skin depth (3 GHz) Skin depth (20 GHz)

PEDOT 9532 S/m 94.12 µm 36.45 µm

Copper 5.80×107 S/m 1.20 µm 0.46 µm

laser cutting technology due to its transparency which will be discussed in detail in

Section 3.2.3.

While DC conductivities exceeding 3×105 S/m have been reported in the literature [79]

for sub-micron thick PEDOT films, it has been proven very challenging to simultane-

ously achieve sufficient thickness and satisfactory conductivity to satisfy the require-

ments for microwave antenna applications. The PEDOT:PSS thin film used in this

project presents a unique combination of substantial thickness of 70 µm while retaining

a relatively high measured DC conductivity of 9532 S/m. Free-standing PEDOT:PSS

films were fabricated by a solvent casting method using Clevios PH1000 (Heraeus)

with ethylene glycol. Films were annealed at 130◦C to ensure all residual solvent was

removed.

A piece of copper foil with thickness of 60 µm is used to fabricate a reference antenna,

for conduction efficiency evaluation. In Table 3.1, the conductivity and skin depth

of the PEDOT film and the chosen copper foil at the lowest and highest frequencies

are shown. The thickness of the PEDOT thin film corresponds approximately to three

quarters of a skin depth at the lowest frequency and to slightly more than two skin

depths at the highest frequency of operation. In contrast, the copper foil offers a skin

depth roughly two orders of magnitude lower than PEDOT, which promises better

performance. The substrate material is a commonly used transparent sticky tape with

thickness of only 150 µm, and as such permittivity and loss tangent are not critical

parameters for the antenna design. Hence, a relative permittivity εr = 3 and loss tan-

gent tan δ = 0.01 are assumed as the values for the sticky tape. An uncut PEDOT:PSS

thin film, the copper foil, and the sticky tape are displayed in Fig. 3.1.

3.2.2 Antenna design

The layout and dimensions of the antenna are shown in Fig. 3.2 and Table 3.2, respec-

tively. The antenna consists of a coplanar waveguide (CPW) feeding section and two
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trapezoidal radiating elements on a thin substrate. A CPW feeding is adopted in order

to achieve a single layer design for ease of fabrication and high flexibility. Generally

antennas with single-layer structure have less stability and isolation to electromag-

netically changing environments compared to antennas with a ground plane, but this

drawback can be eliminated by appropriate isolation techniques such as spacer, or ar-

tificial magnetic wall.

(a) (b) (c)

Figure 3.1. UWB antenna materials. UWB antenna materials: (a) PEDOT:PSS thin film, (b)

copper foil (for reference antenna) and (c) sticky tape.

Figure 3.2. UWB antenna geometry. Layout of the proposed antenna. The substrate thickness

H = 150 µm.
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Table 3.2. UWB antenna dimensions. Dimensions of the proposed antenna in (mm)

L1 L2 L3 L4 L5 L6 G

20.25 11.95 7.30 5.00 3.05 0.24 0.85

W1 W2 W3 W4 W5 W6 W7

23.00 9.00 6.30 5.25 5.00 2.50 0.80

The tapered slots between the trapezoidal elements and CPW ground planes operate

as radiating structures with a predominately vertical linear polarization. The tapered

slots yield a smooth and continuous characteristic impedance transition between the

feeding SMA connector and free space, which ensures the broadband performance.

The substrate size is roughly a square with 1 mm margin to the antenna outline. The

two largest dimensions of the antenna L1 and W1 are inversely proportional to the

lower frequency limit. The combination of dimension parameters such as L2/W5,

L3/W2, L4/W3 and L6/W4 determine the tapering rate between the trapezoidal ele-

ments and CPW ground planes which significantly influences the input impedance.

The final geometry of the antenna was obtained through full-wave simulations based

on CST.

The slots between the two ground planes and the center conductor of the CPW play

a key role in the optimization of the antenna. On one hand, they determine the char-

acteristic impedance of the CPW which impacts the antenna matching. On the other

hand, and more importantly in this case, their dimension significantly affects the losses

in the transmission line. As the gap increases, the density of the coupled currents run-

ning along the edges of the CPW slots decreases, which results in lower conduction

losses. This can be explained using the CPW circuit model. The circuit model of a

CPW is shown in Fig. 3.3, where R, L, C and G′ are the distributed resistance, induc-

tance, capacitance and conductance, respectively. The CPW characteristic impedance

can be approximated as

Z0 =

√

R + jωL

G′ + jωC
≈

√

L

C
(3.1)

since the polymer is a good conductor [131]. When the slots of the CPW become

narrower, Z0 decreases since C raises due to the increased stored electric energy while

L drops with the decreased stored magnetic energy. This will lead to a current increase

as governed along the line by

V(x)

I(x)
= ± Z0. (3.2)
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These phenomena can be observed in the simulated surface currents in the CPW

for the cases when G = 0.1, 0.5 and 0.85 mm which correspond to a characteristic

impedance Z0 of approximately 42, 73 and 88 Ω, as shown in Fig 3.4. The narrower

the slot width is, the lower the line impedance and thus higher the surface current is.

Therefore, the requirements of good matching and maximized radiation efficiency set

the trade-off for optimal width of the slot. A parametric study of the CPW slot width

G in numerical simulations demonstrates that, as the gap increases from 0.1 mm to 1

mm, the average predicted radiation efficiency increases from 60% to 90%. An optimal

value of the gap is obtained through iterative optimizations in CST Microwave Studio.

The proposed antenna with an optimal gap of 0.85 mm shows a satisfactory matching

from 3 to 20 GHz.

Figure 3.3. Circuit model of a CPW. Circuit model of a CPW, where R, L, C and G′ are the

distributed resistance, inductance, capacitance and conductance, respectively.

(a) (b) (c)

G = 0.1 mm G = 0.5 mm G = 0.85 mm

Figure 3.4. Simulated surface current on CPW. Simulated surface current on the CPW with the

slot width G of (a) 0.1 mm, (b) 0.5 mm and (c) 0.85 mm.

3.2.3 Antenna fabrication

In order to validate the design and simulation results, the proposed PEDOT antenna

has been fabricated and experimentally characterized. An identical design realized
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using copper has also been manufactured, to serve as a reference for the conduction

efficiency measurement. The two antennas are shown in Fig. 3.5. To achieve accu-

rate patterning of the structure, the PEDOT antenna has been fabricated using a laser

milling machine (LPKF: Protolaser S). In this process, a thin sheet of PEDOT is firstly

attached to a piece of sticky tape, which is then fixed on the cutting platform of the

laser machine. Secondly, the antenna is tailored from the sheet with the laser power

and the focal position adjusted so that only the PEDOT is trimmed. The sticky tape

substrate is transparent to the laser, that means, it can be kept intact from the laser

which simplifies the fabrication. Besides, it is noted that common sticky tape can be a

very appropriate substrate/superstrate and protection materials for polymeric anten-

nas, since it can conveniently provide insulation as well as robust and flexible mechan-

ical support while having negligible impacts on the antenna performance. Thirdly, the

redundant PEDOT pieces are peeled off from the sheet and the excess substrate is re-

moved. Finally, the antenna is mounted in a fixture for alignment and connection to

an SMA connector. Conductive epoxy (CW2400 from CircuitWorks) is applied to form

a solid mechanical and electrical connection to the connector.

Figure 3.5. Polymeric and copper UWB antenn realization. The realized antennas. a) The

antenna made from PEDOT thin sheet. b) The antenna made from copper foil.

3.2.4 Experimental results

The next step after fabrication is the experimental characterization. As shown in Fig. 3.6,

a reasonable agreement between the measured and simulated reflection coefficient is

achieved, with a measured |S11| parameter below -10 dB over almost the whole fre-

quency range from 2.2 to 20 GHz. Return RF currents on the outer conductor of the

coaxial cable artificially increase the bandwidth at low frequency, but do not alter the
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response significantly in the UWB band. These currents could be in principle miti-

gated by a choke on the feeding cable, and are naturally suppressed in the efficiency

measurement using the Wheeler cap method (as described later in this section).

Figure 3.6. UWB antenna simulated and measured reflection coefficient. Simulated and

measured reflection coefficient |S11| of the proposed antenna.

Group delay is defined as the rate of change of the frequency-dependent phase shift

dφ(ω) with respect to angular frequency ω of the radiated signal, namely:

Tg(ω) = − dφ(ω)

dω
. (3.3)

This is an important parameter for UWB antennas which are expected to operate lin-

early in a very wide frequency range, as it quantifies pulse distortion and far-field

phase linearity [132]. A radiating device with no signal distortion is characterized by a

constant group delay, i.e., linear phase in the frequency range. The group delay of the

proposed antenna has been measured with 100 mm distance between two manufac-

tured UWB antennas, as illustrated in Fig. 3.7. As shown in Figure 3.8, the measured

group delay variation is less than 1 ns over the operating frequency range which in-

dicates a nearly linear phase in the far-field region and no sensible pulse distortion.

Since the nonlinearities in group delay reflect the device resonant characteristic, the

measured result also suggests that the antenna is not a resonant structure [133].

The most interesting parameter in our design is the antenna efficiency, as this factor

verifies whether our strategy is successful. The antenna radiation and conductive ef-

ficiencies both are measured in this experiment. The antenna radiation efficiency ecd

has been directly measured by using the Wheeler Cap Method [134] whereas the con-

duction efficiency ec has been indirectly computed by comparing the radiation gain
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Figure 3.7. Group delay measurement configuration. Two identical antennas mounted on pieces

of radome foam are separated by 100 mm in an anechoic environment. The group delay is measured

using a network analyzer in a transmission scenario.

Figure 3.8. Measured group delay for the UWB antenna. Group delay measured for the UWB

antenna with the configuration illustrated in Fig 3.7.

performance relative to the reference copper antenna. The dielectric loss is assumed

insignificant as a result of the very small substrate thickness. Hence only the conduc-

tion losses due to the limited conductivity of PEDOT are estimated.

For the Wheeler Cap method measurement, the antenna has been placed into a rectan-

gular closed metallic box (140 mm x 80 mm x 30 mm, copper coated) and the reflection

coefficient parameter has been measured, as shown in Fig. 3.9. The reflection coeffi-

cient in this setup S11−wheeler and in free space S11− f ree have been used to estimate ecd

according to (7.11) in [134]:

ecd =
√

(1 − |S11− f ree|2)(|S11−wheeler |2 − |S11− f ree|2). (3.4)
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Figure 3.9. Wheeler cap measurement configuration. An antenna prototype under test in the

metallic box for Wheeler cap measurement, with the box lid opened.

As shown in Fig. 3.10, the measured radiation efficiency is mainly in the range between

80% and 90% in the operation spectrum. This is in good agreement with the simulated

efficiency which is between 85% to 90%.

For the conduction efficiency estimation, the radiation performance, namely the 2D ra-

diation patterns in xz-, yz-plane as well as in two planes at angles in between have been

measured for the PEDOT antenna and compared to the corresponding measurements

for the copper antenna. The conduction efficiency of copper is assumed to be approx-

imately 1. In this comparison, it is assumed that the directivity of both antennas are

the same, which is confirmed by the nearly identical shapes of the radiation patterns.

The dielectric losses are assumed to be the same as well, due to the very thin sub-

strate. The radiated power is averaged over all measured angles (in standard spherical

coordinates) and the conduction efficiency can then be estimated as follows [4]

ec ≈
ΣφΣθGPEDOT(θ, φ) sin θ∆θ∆φ

ΣφΣθGCopper(θ, φ) sin θ∆θ∆φ
. (3.5)

The resulting conductor efficiency of the PEDOT is included as a solid line in Fig. 3.10.

As expected, the overall conduction efficiency is slightly higher than the radiation ef-

ficiency and remains between 85% to 90% over most of the operation band. A 89.9%

averaged conduction efficiency is measured from 3 to 20 GHz which clearly demon-

strates the high efficiency of the polymer antenna. Consequently, the gain of the PE-

DOT antenna is expected to be between 1.1 to 4.4 dB, only around 0.5 dB lower than

copper over the operation spectrum.
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Figure 3.10. Simulated and measured antenna efficiencies. Simulated and measured radiation

and conductor efficiency.

The measured radiation patterns at 5, 10 and 15 GHz are shown in Fig. 3.11, normalized

to the maximum gain of both antennas. As anticipated, the patterns exhibit typical

UWB dipole-like characteristics with an omnidirectional pattern in the xy-plane and

zeros at θ = 0◦, 180◦. As the frequency approaches the higher end of the spectrum,

this dipole behaviour starts to deteriorate which is typical for this type of antenna.

The prominent similarity in the radiation patterns of the PEDOT and copper antennas

demonstrates again the exceptional performance of the PEDOT antenna.

3.2.5 Antenna bending performance

In addition to the good electrical performance, the realized polymer antenna also proves

to have excellent mechanical characteristics similar to plastic. The materials feature ex-

ceptional flexibility and robustness, hence the antenna can be bent dramatically with-

out mechanical damage, as shown in Fig 3.12. The antenna has been measured under

90◦ and 180◦ upward and downward bending conditions, held in place by a piece of

radome foam. This Cuming Microwave C-Foam PF-4 is chosen as fixture since it has

very similar dielectric properties (relative permittivity εr = 1.06 and the loss tangent

tanδ = 0.0001) to air. The measured S11 parameter shown in Fig. 3.13 indicates that the

antenna bending at ±90◦ does not cause dramatic variations in the matching, while

ultimate bending at ±180◦ has detrimental impact on the performance in the lower

spectral region due to the significant reduction of the effective antenna length. It is
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Figure 3.11. The measured radiation patterns. The radiation patterns of the copper and PEDOT

antennas in xy-, zx- and yz-planes at 5, 10 and 15 GHz.

noted that such dramatic bending is of little practical interest, but it demonstrates the

flexibility of the antenna.

Flexible antennas are supposed to be bent or even conformed to a specific surface dur-

ing operation, and thus tests in various bending conditions are necessary to investigate

bending-dependent characteristics variations including impedance matching [135] and

radiation patterns [24, 27]. Therefore the influence of typical bending configurations

on the antenna matching and radiation performance is investigated numerically with

CST and validated experimentally. The 3D antenna representation and the consid-

ered bending setup in CST are depicted in Fig. 3.14. Antenna characteristics including
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(a) (b) (c) (d)

Figure 3.12. Antenna under various bending conditions. Antenna in various bending conditions.

a) 90◦ bending upward. b) 90◦ bending downward c) 180◦ bending upward. d) 180◦ bending

downward.

Figure 3.13. Measured reflection coefficient of bent antennas. Measured reflection coefficient

|S11| of the proposed antenna under various bending conditions: 90◦, 180◦ bending upward and

backward.

S-parameters, polarization and radiation patterns are examined with regards to the

bending angles from 0◦ to 180◦, as defined in the inset of Fig. 3.14.

The simulated reflection coefficient under various bending angles from 0◦ to 180◦

(Fig. 3.14) with steps of 30◦ is shown in Fig. 3.15. For bending angles under 60◦, the

degradation of the |S11| is insignificant. However, for more pronounced bending above

60◦, prominent differences are then observed. Generally the antenna operation band

tends to shift to a higher frequency spectrum along with the increase in bending an-

gle. This can be intuitively interpreted as follows: with increasing bending angle, the

tapered slots between the trapezoidal elements and the CPW ground planes become
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Figure 3.14. Bending simulation configurations in CST. The antenna and its 3D bending setup

in CST. Inset: Definition of the bending angle (side-view).

narrower which shifts the operation range to higher frequencies. Strong coupling be-

tween the antenna and the SMA connector case which corresponds to resonances at

some particular frequencies are observed in simulation. However, such SMA connec-

tor is unlikely to appear in practice, and the extreme bending conditions are not likely

to occur as well. The results suggest that this antenna still performs nearly as well

as the planar configuration in terms of impedance matching for bending angles up to

around 60◦, and might be usable with slight matching degradation up to at least 90◦

bending.

Figure 3.15. Simulated reflection coefficients under different bending conditions. Simulated

|S11| for different bending angles (defined in Fig. 3.14).

Page 61



3.2 Non-resonant antenna strategy

The unbent antenna is vertically linearly polarized but this fact can be expected to

change when the bending angle starts to increase. As illustrated in Fig. 3.16, a qualita-

tive analysis suggests that the linear polarization direction should broadly rotate clock-

wise simultaneously with the bending angle and reach 45◦ and 90◦ for the antenna bent

at 90◦ and 180◦ respectively. Therefore, this important aspect which will affect the po-

larization loss factor must be taken into account when considering the conditions of

operation for those antennas in a wireless communication link influenced by various

bending conditions.

Figure 3.16. Antenna predominent polarization under different bending conditions. Antenna

predominent polarization with bending angles of 0◦ (unbent), 90◦ and 180◦.

(a) (b)

Figure 3.17. Antenna bending configuration for radiation pattern measurement. The 90◦-

bent antenna as prepared for radiation patterns measurement in an anechoic chamber. A piece of

PF-4 radar foam (white) is used as holding material with a nearly unity relative permittivity. (a) Side

view. (b) Top view.

The 90◦-bent antenna, as illustrated in Fig. 3.17, has been chosen for experimental

study of radiation patterns due to its nearly diagonal linear polarization. The xy-plane

radiation patterns for both 90◦-bent and planar (0◦) configurations measured at 4, 7,
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10, 13 and 16 GHz are normalized and plotted in Fig. 3.18. It is noted that the inter-

pretation of the results can only be qualitative, as the exact location of the bending

will influence the pattern and polarization. Therefore, only the patterns in xy-plane

are discussed here, since they correspond to nearly omnidirectional patterns in unbent

condition and are clearly illustrating the effect of bending.

As observed in the right-hand side column of Fig. 3.18, the bent co-polarized pat-

terns (Eθ) in the xy-plane still largely retain an omnidirectional characteristic, simi-

larly as the unbent ones, however with a marked reduction in gain, due to radiation in

cross-polarization. This is confirmed by a dramatic increase of the cross-polarization

(Eφ) by 10-20 dB. As a result, under bent condition, the component defined as cross-

polarization reaches a similar or even higher level as the co-polarization, suggesting

the 45◦ polarization tilt angle mentioned above. The cross-polarization patterns in

bending condition show a dipole characteristic, with maximum gain at φ = 0◦, 180◦,

and minimum gain at φ = ±90◦. This is indicative of the alignment of the cross-

polarized component with that of the linearly polarized reference horn antenna used

in the measurement.

The results attained through simulation and experiments demonstrate that the antenna

still performs well even with serious bending angles as regards impedance matching.

In addition, extra attention needs to be dedicated to the polarization direction change

when the antenna is bent or conformed to a curved surface, although this is usually not

a problem in communication systems heavily affected by multi-path, e.g. for urban or

indoor operation.

3.2.6 Summary on non-resonant design

The proposed antenna is completely fabricated from polymer, namely a thin PEDOT

layer as the conductor and sticky tape as the substrate. As a result, the compact an-

tenna exhibits features such as high flexibility and robustness, without sacrificing ef-

ficiency. By using laser cutting technology, the antenna has been precisely fabricated

so that it performs as predicted by the simulations. Above 85% averaged radiation

efficiency has been achieved over the operating frequency range from 3 to 20 GHz,

which, to the best of our knowledge, is the highest reported to date for a non-metallic

antenna of this type. The estimated average conduction efficiency of nearly 90% also
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Figure 3.18. Measured radiation patterns under 90◦ bending condition. The measured xy-

plane radiation patterns of the antenna in planar and 90◦-bent conditions at 4, 7, 10, 13 and 16

GHz.
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indicates that this type of non-resonant antenna has successfully overcome the limita-

tions in conductivity and thickness of conductive polymers. The promising potential

of the proposed antenna in flexible and wearable electronic systems is obvious. This

UWB antenna exhibits plastic-like physical properties as well as metallic-like electrical

properties, which illustrates a typical successful conductive polymer antenna design.

3.3 Chemical treatment strategy

A straightforward strategy is demonstrated here to increase the electrical conductivity

of a PEDOT layer. This strategy utilizes a simple, inexpensive yet effective chemi-

cal treatment to improve the conductive polymer conductivity and consequently the

antenna efficiency. There are increasingly intensive research works on chemical treat-

ments for conductivity enhancement for conductive polymers. One of the simplest yet

effective methods is methanol treatment proposed by [136] where the PEDOT:PSS film

conductivity was enhanced from 30 S/m to 136200 S/m. Therefore, this treatment was

adopted as a post-fabrication conductivity enhancement for our PEDOT:PSS samples.

Then a 2.45-GHz dipole antenna realized in methanol-treated conductive polymers

PEDOT:PSS is presented as a test bed, with exceptional reversible flexibility and high-

efficiency. More specifically, the originally highly conductive PEDOT:PSS thin films

have been further treated by immersion in a methanol solution, to realize a significant

conductivity improvement from approximately 3500 S/m to 18500 S/m. As a result, a

more than 25% antenna efficiency enhancement is attained, which brings the averaged

efficiency up to 91.4% of the efficiency of a copper reference antenna with identical

geometry.

3.3.1 Material and treatment

As mentioned previously, conductive polymers inherently hold a process-limited thick-

ness and a relatively lower conductivity compared to metallic materials. The free-

standing PEDOT:PSS thin film used in this work was quite challenging to produce

since it has a relatively high estimated dc-conductivity of 3500 S/m and a substantial

thickness of 113 µm. This unique combination of thickness and conductivity enables a

sufficiently low sheet resistance of approximately 2.5 Ω/square. Such competitive ma-

terials are prepared with Clevios PH1000 (Heraeus) solution and ethylene glycol using

a solvent casting method. All residual solvent is eliminated completely from the films
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through a 130◦C annealing process. The PEDOT:PSS film thickness is approximately

two thirds of the skin depth at 2.45 GHz which is around 170 µm. This fact implies

an increase in conductor ohmic loss and consequently a decrease in antenna efficiency.

This loss in efficiency can be partially overcome by using well established techniques

to enhance the conductivity [137].

To further increase the conductivity, a simple, stable and economic treatment with

methanol solution immersion reported in [136] is deployed. Changes to morphology,

improved alignment of the PEDOT particles and removal of excess insulating PSS from

the PEDOT:PSS film are the mentioned main mechanisms for the high conductivity en-

hancement [136]. The mechanism of this methanol conductivity improvement method

is investigated and a illustrative diagram is shown in Fig. 3.19 [136].

Figure 3.19 shows a schematic illustration of the morphology of PEDOR:PSS solid films

which comprises grains based on a highly conductive and hydrophobic PEDOT-rich

core and an insulating hydrophilic PSS-rich shell [78]. By using methanol which has a

high permittivity and is highly hydrophilic, interactions with the hydrophilic PSS will

induce a screening effect between the PEDOT and PSS chains. This will lead to the

PSS dissolution in methanol due to the phase separation between the PEDOT and PSS

chains induced by this screening effect. Consequently due to this process, reorientation

of the PEDOT polymer chains from a coiled to linear or extended-coil configuration is

facilitated which will then enhance the inter-chain interaction between the polymer

layers. Eventually a much easier charge hopping and thus a much higher conductivity

is achieved [136]. It is shown that this simple technique can enhance the conductivity

of the samples by 3 orders of magnitude [136].

Figure 3.19. The methanol treatment mechanism. The conductivity enhancement mechanism

of the methanol treatment method, adapted from [136]
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For the details of our method, the PEDOT:PSS samples were immersed in methanol

overnight and dried at room temperature. The original and the treated PEDOT:PSS

thin films are shown in Fig. 3.20. Some sort of distortions in the treated PEDOT:PSS

film are observed, which might become problematic for antenna designs requiring

large areas. However, this could be solved by clipping or flattening during treatment

with dedicated tools. Resistance measurement with a four-probe measuring system

has been conducted and the resulting DC-conductivity of the original and the treated

PEDOT:PSS has been determined to be around 3500 S/m and 18500 S/m respectively.

Therefore, the sheet resistance of the treated PEDOT:PSS film is estimated to be ap-

proximately 0.5 Ω/square, which is about one fifth of the untreated film.

Figure 3.20. The untreated and treated PEDOT:PSS thin films. The original (left) and

methanol-treated (right) PEDOT:PSS.

3.3.2 Antenna design

To test the performance of the treated film, a resonant antenna test bed is chosen, in

the form of a 2.45-GHz dipole antenna. The realizations of the antenna in copper,

untreated and treated PEDOT:PSS are shown in Fig. 3.21. The three prototypes are

fed with a 50-Ω microstrip line to 78-Ω balanced coplanar strips impedance transition

which is employed as a balun [138,139]. The antenna dimensions are also illustrated in

Fig. 3.22. The dipole arm length L is inversely proportional to the resonance frequency

while the width W is proportional to the impedance bandwidth. The gap G between

the two arms determines the input impedance of the antenna. Therefore, L and W are

determined to obtain resonance at 2.45 GHz and to ensure ease of fabrication respec-

tively, while G is chosen such that the input impedance is 78 Ω. The copper antenna

arms are soldered whereas the polymeric arms are glued with conductive epoxy for

connection to the balun.
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Figure 3.21. Three dipole antenna realizations. Antenna realizations in copper (left), original

(middle) and treated (right) PEDOT:PSS. The three antennas are connected to a balun.

z

x

y

W G

L

Figure 3.22. Antenna configuration. Antenna configuration and its dimensions: L = 27.3 mm,

W = 5 mm, G = 1.5 mm.

In order to achieve high accuracy in fabrication, the antennas are trimmed with a laser

milling machine (LPKF: Protolaser S). Sticky tape is used as a protective layer for the

PEDOT antennas which also provides a straightening support. The impact of this tape

on the antenna performance is negligible owing to its very small thickness. Thanks

to the plastic-like flexibility of the PEDOT:PSS film, the antennas feature an excep-

tional reproducible non-destructive mechanical conformability, as illustrated by the

two bending configurations shown in Fig. 3.23. Therefore, seamless integration in flex-

ible electronic systems is possible with this type of polymeric antennas.

Figure 3.23. Bent dipole antenna. PEDOT antenna in two bending configurations.
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3.3.3 Experimental results

The prototype PEDOT antennas have been experimentally characterized and com-

pared with the reference copper antenna to investigate the performance improvement

due to the material treatment. The results have been analyzed together with corre-

sponding simulations performed using CST. They show encouraging improvements

in antenna performance in terms of matching and antenna efficiency, as described in

the following.
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Figure 3.24. All dipole antennas simulated and measured |S11|. Antenna reflection coefficient

comparison. Top: simulations. Bottom: measurements.

The simulated and measured reflection coefficients are depicted in the top and bottom

sub-figures in Fig. 3.24 respectively. The simulated and measured curves for corre-

sponding devices are in good agreement. Slight resonances shifts are observed which

can be attributed to fabrication tolerances. The similarity in the reflection coefficient

of the copper and treated PEDOT antenna suggests that they should have comparable

performance in terms of efficiency.

The measured radiation patterns at 2.45 GHz in xy-, xz- and yz-plane are shown in

Fig. 3.25, normalized to the overall maximum gain of the copper reference antenna.

The co-polarization and cross-polarization components are depicted in the left-hand

side and the right-hand side columns, respectively. The striking similarity in the shape

of the patterns for the copper and treated PEDOT antennas suggests a similar antenna
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Figure 3.25. All dipole antennas measured radiation patterns. Measured radiation patterns

at 2.45 GHz in principal planes. Left: co-polarization. Right: cross-polarization. All patterns are

normalized to the overall maximum gain of the copper antenna.

efficiency. As expected for a dipole antenna, the patterns in xy-plane is omnidirectional

and zeros are observed at θ = 0◦, 180◦, along the z axis. The asymmetry of the co-polar

components in the xz-plane is introduced due to the presence of the SMA and a right

angle connectors in the measurement path.

The antenna efficiency is estimated through an approximate gain-directivity measure-

ment relative to the reference antenna. Comparisons of the radiation patterns in xz-

and yz-plane, as shown in Fig. 3.25, indicate that the antennas have nearly identical

directivity since the patterns are of the same shape. To compare the gains, the radiated

power is averaged over all elevation angles, assuming 100% efficiency for the copper
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antenna. The PEDOT antenna efficiency is then evaluated as shown before through [4]

ec ≈
ΣφΣθGPEDOT(θ, φ) sin θ∆θ∆φ

ΣφΣθGCopper(θ, φ) sin θ∆θ∆φ
. (3.6)
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Figure 3.26. Simulated and measured antenna efficiencies. Simulated and measured antenna

efficiency relatively to the copper reference antenna.

The simulated and estimated efficiencies are both illustrated in Fig. 3.26. A good corre-

spondence between simulated efficiencies and pattern-based estimations is observed.

Over the operation band, the antenna made from the original PEDOT:PSS yields an

averaged 65% efficiency whereas the one realized with the treated polymer holds an

averaged 91.4% efficiency. The last value is, to the best of our knowledge, the highest

reported efficiency for this type of resonant polymeric antenna. An efficiency increase

of more than 25% is achieved through the conductivity enhancement fulfilled with a

simple methanol treatment.

3.3.4 Summary on chemical conductivity enhancement

A highly flexible and efficient 2.45-GHz dipole antenna realized with treated PEDOT

has been presented, to demonstrate a simple yet effective chemical treatment based

on methanol to significantly enhance conductivity in conductive polymers. Three

identical antenna designs realized in copper, standard and treated PEDOT have been

fabricated and experimentally characterized. The PEDOT antennas exhibit an excep-

tional plastic-like reversible mechanical flexibility, and the resulting reflection coeffi-

cient measurements and gain-directivity efficiency estimations are in a good agreement
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with CST simulations. The methanol-solution-based treatment of the PEDOT thin film

boosts the antenna efficiency by 25% to an averaged value of 91.4% over the operation

band. The result is remarkable in conjunction with a resonant design, and is, to the best

of our knowledge, the highest value reported for this type of polymeric antennas. All

these results emphasize that this cost-effective chemical treatment can significantly en-

hance the potential of conductive polymers as conductors for microwave applications

such as antennas.

3.4 Laminated multilayer strategy

The third strategy is effectively increasing the thickness of the thin film materials by

stacking multiple layers of materials with laminating dielectric layers in between. The

method is based on the fact that the penetration depth of the electromagnetic waves in

the conductor can be increased by this laminated sandwich structure. This section dis-

cusses the concept of this method and shows some preliminary measurement results

of a microstrip line realized using a 1-layer PEDOT and a 3-layer SiO2-laminated PE-

DOT thin film. A 15-dB improvement in the transmission coefficient is observed when

using the laminated polymeric thin film, which validates this strategy.

3.4.1 Laminated conductor

In 1951, the concept of laminated conductor was firstly proposed and analyzed by A.

M. Clogston [140], and it predicted that a thin (less than one skin depth) laminated

conductor can be used to increase the electromagnetic wave penetration depth and

thus lower ohmic loss compared to a single conductor. Recently this concept was used

again by Shafai et al. to show that a multilayered laminated transmission line can have

a dramatic reduction in ohmic loss [141]. With these laminated conductors, a square-

ring antenna design was shown to achieve a 30% efficiency improvement in [142, 143].

It was also concluded that the improvement would be negligible if a near-perfect con-

ductor was used. This laminated sandwich configuration can well fit applications of

conductive polymers with a thickness much less than a skin depth. Thin layers are

preferable, since it is very challenging to fabricate a pure conductive polymer multi-

layer structures with high conductivity, as a good electrical connection and physical

bonding between polymer layers are difficult to achieve.
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Figure 3.27. Cross section of a sandwich structure. A microstrip line model with a multilayer

laminated conductor.

In our investigation of multilayer conductive polymers, we consider a microstrip line

realized on a substrate with permittivity εsub using a laminated conductor, as shown

in Fig 3.27. The stack has three conductor layers with a thickness of Tc and two lam-

inating layers with permittivity of εlam and a thickness of Td which is much less than

a skin depth. The conductor layers in the stack are assumed with finite conductivity

and a thickness much less than a skin depth. Then the time-varying electric field can

penetrate this stack and induce RF currents in the conductor layers. When the phase

velocity of the wave propagating inside the stack equals the one propagating in the

substrate, the ohmic losses become minimum due to a higher current uniformity in all

layers, which is referred to as the phase velocity matched condition [144]. The phase

velocity Vp is governed by:

Vp =
c√
εr

, (3.7)

where c is the speed of light and εr is the medium (or effective medium) relative per-

mittivity. Since the laminating layers are very thin and therefore the fringing fields are

negligible, one can assume that the waves propagate in the stack at the fundamental

transverse electromagnetic (TEM) mode. As a result, the matched condition is fulfilled

when

εlam = εe f f , (3.8)

where εe f f is the effective permittivity of the microstrip line, which can be obtained us-

ing the well-known closed-form approximate expression developed by Wheeler [145].

If the microstrip line dimensions and substrate permittivity are known, then the lam-

inating material which has appropriate permittivity and processability can be chosen

for the laminated conductor to meet this condition. The measurement of the permittiv-

ity of SiO2 laminae is a difficult matter, which could not be achieved during the time of

this thesis. Therefore, an unequivocal verification of the exact matched condition is yet

Page 73



3.4 Laminated multilayer strategy

to be realized. Nevertheless preliminary tests were conducted and their results sug-

gest a successful application of this lamination strategy using conductive polymers, as

described in the next paragraph.

3.4.2 Preliminary experimental results

A single layer PEDOT with a thickness of 200 nm and a conductivity of 91000 S/m and

a three-layered sandwich consisting of two layers of these PEDOT and a 100-nm-thick

laminating layer of SiO2 are used in this experiment, as shown in Fig. 3.28. Both are

cut into a strip with identical dimension which are then put onto a test jig to form a

microstrip transmission line, as shown in Fig 3.29.

(a) (b)

Figure 3.28. 1-layer PEDOT and 3-layer PEDOT laminated films. (a) A single layer PEDOT

thin film and (b) a three-layer laminated PEDOT with a laminae of SiO2.

Figure 3.29. The microstrip line test jig. The test jig used to measure transmission coefficients

of the microstrip lines with 1-layer and laminated PEDOT conductor.

The simulated and measured transmission coefficients of both cases are compared in

Fig. 3.30. The strips are simulated based on the ’thin panel’ material model in CST
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which is penetrable to electromagnetic field and does not require meshing inside the

constituting layers, because they are well below one skin depth. A good agreement

between the simulated and measured |S21| for the single layer transmission line is

observed, indicating that this material model is appropriate. The larger discrepancy

between simulation and measurement for the 3-layer strip might be because the simu-

lated laminating layer properties such as permittivity are not accurately known. Nev-

ertheless, as can be seen from the measurement, the laminated stack has a 5 to 15 dB

higher |S21| parameter compared to the single layer PEDOT, indicating that this strat-

egy is promising, even if associated with a potentially higher fabrication cost. We also

note that further layers of lamination would be required to increase the transmission

coefficient to a practically usable level.
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Figure 3.30. Simulated and measured |S21| parameters of the microstrip lines. Simulated

and measured transmission coefficients of the microstrip lines with 1-layer and laminated PEDOT

conductor.

3.4.3 Summary on laminated conductors

A multilayer laminated conductor structure is used as a strategy to effectively increase

the thickness of conductive polymer thin film, since this structure is able to increase

the wave penetration into the conductor. As a preliminary validation, a single layer

PEDOT and a 3-layer PEDOT sandwich structure with a SiO2 laminae are cut into a

strip and tested using a microstrip line test fixture. The measured and simulated trans-

mission coefficients have a good agreement and show a maximum 15-dB improvement

with the sandwich configuration, which validates this strategy. Increasing the stacking
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layers quantity, up to a certain limit, will lead to even a lower DC sheet resistance [142].

Further experimental comparison to a pure multilayer PEDOT film will be naturally

the next step. Nevertheless, this strategy is a promising engineering technology which

can be exploited for conductive polymers to overcome their limitation in thickness.

3.5 Exploitation of polymeric antenna flexibility

The polymeric antennas discussed so far in this chapter comprise either a single layer

or two layers, and thus they intuitively are expected to have outstanding flexibility.

However, making multilayer antennas highly flexible requires extra efforts in the de-

sign, since the more layers involved the harder to attain flexibility. In this section, a

microstrip-fed slot antenna realized in PEDOT:PSS which exhibits a high efficiency and

decent flexibility is presented, to illustrate some engineering considerations in poly-

meric antenna designs in terms of flexibility and efficiency.

3.5.1 Antenna design

A flexible 5.8-GHz microstrip-fed slot antenna, made from a PEDOT:PSS thin film with

a very low DC sheet resistance of 0.5 Ω/square, is designed and experimentally char-

acterized. The antenna configuration with all dimensions indicated, and a PEDOT:PSS

realization are depicted in Fig 3.31. Both the 50-Ω open-end microstrip line feed and

the ground plane with a slot are realized in PEDOT:PSS films. They are mounted on

both sides of a substrate which is made of a highly flexible Cuming Microwave C-Foam

PF-4 foam. The free-standing PEDOT:PSS films were made from Clevios PH1000 (Her-

aeus) with ethylene glycol using a solvent casting method, then all residual solvent

was removed with annealing at 130◦C. The 110-µm-thick polymeric film has a conduc-

tivity of 18000 S/m leading to a dc sheet resistance of 0.5 Ω/square. Regarding the

PF-4 foam, its relative permittivity εr, loss tangent tanδ and thickness are 1.06, 0.0001

and 1.6 mm, respectively.

The resonance frequency and the impedance bandwidth of the proposed antenna are

determined main by the slot length and the slot width respectively. The slot length

W2 is 19.5 mm roughly half of the operational wavelength, and the slot width L4 is

chosen to be 2 mm for easy manufacture. The microstrip feed line length determines

the matching and an optimal value was obtained through iterative parameter sweep

with CST.
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Figure 3.31. Microstrip-fed slot antenna configuration and realization. The antenna (a)

configuration and a PEDOT realization: (b) top view and (c) back view. Dimensions (mm): W1 =

30; W2 = 19.5; W3 = 7; W4 = 2.5; h = 1.6; L1 = 30; L2 = 17; L3 = 15; L4 =2; L5 = 2.

3.5.2 Experimental results

To verify the design, a PEDOT and a copper reference prototypes were fabricated and

experimentally characterized. The simulated and measured reflection coefficients are

shown in Fig 3.32, and a good agreement between them is observed. The PEDOT an-

tenna has a wider bandwidth than the copper one since it has slightly higher losses

in the conductors. As expected, the antenna has an operational bandwidth extend-

ing from 5.3 to 6.3 GHz, centered at 5.8 GHz. Moreover, the simulated |S11| under

bent condition with a radius R = 30 mm is included as well and it indicates that the

bending configuration (Fig. 3.32 inset) does not introduce significant variations in the

impedance bandwidth.

The measured radiation patterns of both antennas in xz- and yz-plane at 5.8 GHz

are displayed in Fig. 3.33. Typical characteristics of slot antennas on a finite ground

plane are observed in the patterns where maximum radiation is directed normal to

the ground plane. More importantly, the similarity in both PEDOT and copper anten-

nas radiation patterns is prominent which suggests that the polymeric antenna should

have a very satisfactory efficiency.

An approximate gain-directivity comparison with the reference antenna is exploited to

obtain an estimation of the polymeric antenna efficiency, as discussed in Section 3.2.4.

It is assumed that the copper antenna is 100% efficient and that both antennas have

identical directivity which is confirmed by the nearly identical angular distribution in
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measured reflection coefficients. Inset: Bending configuration in CST to obtain the simulated |S11|
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Figure 3.34. Microstrip-fed slot antenna simulated and measured efficiencies. Simulated and

measured radiation efficiencies of the PEDOT antenna.

the pattern measurements (Fig. 3.33). This method evaluates the efficiency by com-

paring the average absolute gain of both antennas as computed through integrating

the received power of all measured angles of the xz- and yz-patterns, namely based
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on equation (3.5). As demonstrated in Fig 3.34, the measured antenna efficiency re-

mains approximately between 80% and 88% which agrees closely with predicted val-

ues obtained through simulations. The average antenna efficiency of 82% is very en-

couraging but slightly lower than that of a complementary 5.8-GHz dipole antenna

simulated with the same PEDOT material in CST, namely 90.7%. The lower efficiency

can be attributed to the extra ohmic losses introduced in the slot antenna microstrip

line feed section which does not exist in the dipole antenna. This can be a considera-

tion while designing antennas with conductive polymers which usually have relatively

lower conductivity than metals.

3.5.3 Antenna mechanical flexibility

One of the important advantages of conductive polymers over metals for foreseen ap-

plications is their mechanical resilience and plastic-like texture. Therefore, making full

use of this property for flexible designs is another significant requirement. In terms

of the film form, free-standing conductive polymers generally offer more freedom in

flexible antenna designs compared with non-free-standing ones, which require a sup-

porting substrate. Moreover, appropriate substrate materials are critical to achieve

conformability for antennas with substrate(s).

Owing to the excellent mechanical resilience of the free-standing conductive polymers,

their inherent flexibility is particularly expressed in antennas which do not require

a substrate. For instance, the single-layer dipole antenna with excellent mechanical

flexibility has been discussed in Section 3.3.2 previously, as shown in Fig. 3.23. The

antenna is made of free-standing PEDOT thin films which are inherently highly flexible

and possess plastic-like features, as shown in Fig 3.23. It is worth mentioning that

common sticky tape was used as a protection layer rather than a supporting substrate

for the antenna experimental characterization process.

For antennas requiring a substrate to support multiple disconnected element of a pla-

nar design or from a cavity, flexible, robust and low-loss materials are needed to keep

design integrity while maintaining flexibility. For instance, the UWB antenna dis-

cussed in Section 3.2.5, as shown in Fig 3.12, has been shown to have an exceptional me-

chanical flexibility through the utilization of sticky tape as substrate. Common sticky

tape can conveniently provide mechanical support and insulation while having neg-

ligible impact on the antenna performance. Other flexible dielectric materials such as
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polyethylene foams and Polydimethylsiloxane (PDMS) can be used as substrate mate-

rials as well, as alternative the PF-4 foam used in the microstrip-fed slot antenna just

discussed in this section.

3.6 Conclusion

This chapter has illustrated three strategies to overcome the inherent limitations in con-

ductive polymers such as relatively low conductivity and insufficient material thick-

ness. The first strategy is, to utilize non-resonant antenna designs, in order to minimize

RF current density and therefore the ohmic losses in the antenna, eventually leading

to a high antenna efficiency. The second one is a very simple but effective chemical

treatment using methanol to dramatically improve the polymeric film conductivity.

The third solution is based on a multilayer laminated structure which can increase the

effective film thickness by reducing the skin effect losses. At the end, a multilayer

polymeric microstrip-fed slot antenna has been discussed, with emphasis on design

considerations for antenna mechanical flexibility in terms of antenna engineering and

materials selection. All these facts emphasize that conductive polymers are a class of

very promising conducting materials for flexible and wearable antenna designs, or in

the view of seamless integration with polymer electronics.
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Chapter 4

High Efficiency Microwave
Graphene Antenna

G
RAPHENE and its composites are promising materials in

nearly every engineering field, and thus they are the subject

of intense global research thrust. Graphene-based materials

can also be very appropriate for microwave antenna designs, because be-

sides high conductivity, chemical stability and mechanical flexibility, they

have the potential of becoming affordable for large scale fabrication in the

near future. Some microwave antennas realized in graphene film have been

reported in the past, however with modest efficiency, due to limited con-

ductivity and film thickness. To address this problem, this chapter initially

presents a scalable production of graphene films dedicated to microwave

antenna design. Subsequently a high-efficiency UWB antenna realized in

graphene films is designed, fabricated and experimentally characterized.

The antenna exhibits a very satisfactory efficiency of nearly 80% averaged

over the UWB bandwidth, which is attributed to the non-resonant antenna

design and the high-quality graphene films. The very encouraging antenna

performance suggests that the proposed graphene films are promising as

environmentally-friendly, inexpensive and efficient non-metallic conduc-

tors for high-volume applications in the microwave region.
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4.1 Introduction

Graphene, a layered carbon material, is an outstanding representative of 2D crystals

and has become the subject of intense global research towards the exploitation of its

unique properties in various applications [86, 89, 99]. This material possesses many at-

tractive properties including extremely high mechanical strength, as well as exception-

ally high electrical and thermal conductivities for a non-metallic material. In particular,

the interesting electronic properties allowing ballistic transport with a high ambipolar

charge carrier mobility (2.5 × 105 cm2V−1s−1) and carrier density (1013 cm−2) [89, 99]

are highly desirable for applications such as optoelectronic devices [87], energy stor-

age [89], sensors [90], EMI shielding [91] and antenna designs [6, 7, 93]. The last two

listed application domains usually require substantial areas of conducting materials,

and thus replacing metals by environmentally friendly and low cost non-metallic con-

ductors would be highly appealing to industries. It is then conceivable that the use of

conductive 2D carbon allotropes in antenna design would revolutionize high-volume

applications such as wireless consumer electronics and RFID, provided the perfor-

mance is maintained. Nevertheless, utilizing graphene as a conductor for antennas in

the microwave region is still challenging and underexplored. This is because firstly its

mono-atomic structure leads to a very high surface resistance and consequently high

ohmic losses [39, 40], and secondly because controlling the graphene sheet size and

shape is difficult and places limitations in terms of the required accurate device real-

ization. In this context, it is expected that multilayer graphene films with a sufficiently

large area can be a solution to overcome these two key issues.

Very recently, a few microwave antennas realized in graphene thin films which are

based on commercial graphene inks were reported. An RFID dipole antenna for 915-

MHz ISM band realized in graphene inks was reported in [6]. The antenna was printed

using graphene inks on a thin foam substrate, following the printing process by a

rolling compression, which enhanced the conductivity by 5 time to 4.3 × 104 S/m.

The final graphene laminate had a thickness of 6 µm which is only 0.075 times one

skin depth, yielding a DC sheet resistance of 3.8 Ω/square. As a result of the limited

film thickness, the antenna holds a relatively low efficiency of 50% approximately, esti-

mated based on the measurement results presented in [6]. Another very similar RFID

dipole antenna design fabricated based on commercial graphene inks using a doctor-

blading technique was reported in [7]. The antenna was realized by evenly spreading

graphene inks on the substrate with a mechanical mask where a doctor blade was used
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to flatten and control the ink thickness. This dried graphene-based film achieved a con-

ductivity of 1.25 × 104 S/m and a thickness of 42 µm, leading to a DC sheet resistance

of 1.9 Ω/square. The antenna was measured to have an efficiency of 40% and this mod-

est performance is mainly attributed to that the film thickness is only approximately

one third of the skin depth. To improve the antenna efficiency, a graphene film with

high conductivity and sufficient thickness is a must.

Therefore, in this chapter, we firstly report a scalable production of highly conduc-

tive graphene films made of binder-free and surfactant-free graphene inks via vacuum

filtration. Secondly a non-resonant design, namely an UWB antenna, made of the pro-

duced graphene film, is designed, fabricated and experimentally characterized, as a

typical demonstration of high-efficiency microwave antennas. It is emphasized that

the material side of this project is not a contribution to this thesis, and was developed

by the co-authors of [51] from the School of Chemical Engineering at the University

o Adelaide. The graphene film preparation method is specifically tailored to satisfy

the requirements of antenna technology in terms of film conductivity and thickness in

the microwave frequency band. The experimentally validated excellent performance

of the UWB antenna operating from 3.1 to 10.6 GHz suggests the tangible possibility of

replacing existing metal-based antennas, by graphene-based antennas, which can be

manufactured in a scalable, environmentally friendly and low-cost process.

4.2 Graphene film preparation and characterization

Numerous methods have been proposed for graphene production, either top-down

from mined graphite or bottom-up by direct-templated chemical processing from car-

bon sources [102, 103]. The liquid-phase exfoliation of graphite in aqueous solution

has been demonstrated as the most inexpensive large-scale production method for

the exfoliation of single to few-layer graphene in an environmentally friendly pro-

cess [90,104,105]. However, the direct aqueous exfoliation of graphene from hydropho-

bic graphite has been considered as extremely difficult or even not feasible. Whereas

the use of amphiphilic surfactants to assist mechanical exfoliation leads to some nega-

tive effects on the graphene quality and limits its further processing and applications,

especially in antenna technology [146]. For example, recently Hu et al. reported a

graphene film laminate realized with graphene inks for the implementation of an RFID

dipole antenna [6]. In this approach, the graphene inks, even if binder-free, contain
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dispersants which can be detrimental to the electrical conductivity and consequently

can lower the antenna efficiency. Aiming to resolve these problems and produce more

conductive graphene films, utilization of graphene oxide (GO) as a surfactant for cost-

effective exfoliation of high-quality graphene [90] is adapted in this project.

4.2.1 Pristine graphene preparation

This method is based on the physical absorption (π-π and/or electrostatic interac-

tions) of GO on destacking graphene surface under sonication. Subsequently, the

desorption of GO from graphene by high-speed centrifugation leads to a graphene

product containing a small amount of GO fragments (less than 5 wt%), which are pos-

sibly sandwiched between graphene sheets. The microstructure of graphene prod-

ucts from the initial graphite materials to the final products using our procedure has

been investigated using scanning electron microscopy (SEM) and transmission elec-

tron microscopy (TeM) as presented in Fig. 4.1. Expanded graphite (EG) consists of

intumescent graphite flakes with a worm and accordion-like structure, which results

in multilayers of graphene with a typical thickness of 430 nm under direct aqueous

exfoliation as shown in Fig. 4.1a and d. In contrast, GO sheets are adsorbed and in-

tercalated between graphene layers when an energy-induced shear force is applied to

separate graphene from EG in GO aqueous dispersion as evidenced in the SEM im-

age (Fig. 4.1b). This structure exhibits a castle card conformation of a GO/graphene

complex as in the corresponding TeM image (Fig. 4.1e). It is worth mentioning that

distinguished graphene and GO in its complex could be observed since GO is easily

desorbed and then damaged under electron beam energy radiation, whereas graphene

sheets are quite stable. Figure. 4.2a illustrates the TeM image of GO-adsorbed onto

graphene surface, this physical interaction however can be easily desorbed under radi-

ation of electrons beam, as seen in Fig. 4.2b and c. Subsequently, the pristine graphene

product, containing single to few-layer graphene (FLG), is obtained by the removal of

GO from the GO/graphene complex showing a very thin layer with a high level of

structural integrity.

As shown in Fig. 4.1c, the lateral size of these graphene sheets range from 5 to 10 mm

and tend to fold into overlapped regions. The individual graphene sheet shows a high

polycrystallinity and perfect lattice arrangement, which is observed in Fig. 4.1f, where

the corresponding selected area electron diffraction pattern (SAED) (shown as inset)

indicates a typical six-fold rotational symmetry of six-member carbon rings in the basal
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Figure 4.1. SEM and TeM images of the graphene products in process. SEM images of the (a)

EG worm-like structure, (b) GO/graphene complex before, and (c) after GO sheet removal followed

by thermal annealing, showing pristine graphene sheets. TeM images of (d) partially exfoliated EG

revealing multilayered graphene sheets, (e) GO/graphene complex showing both GO adsorbed on

the surface and/or sandwiched between graphene platelets, and (f) polycrystallinity of the monolayer

graphene sheets.

Figure 4.2. TeM images of GO-FLG complex. TeM images of (a) GO-FLG complex, (b and c)

desorbed GO under radiation of electrons beam

plane. Furthermore, the number of graphene layers was confirmed by using atomic

force microscopy (AFM). As depicted in Fig. 4.3, the average thickness of the graphene

sheets is approximately 2 nm. This is a characteristic of a solvent-assisted exfoliation

method, in which graphene production contains different configurations (from single

to few-layer graphene), and is consistent with the Raman analysis results.
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Figure 4.3. AFM image of the graphene product. AFM image of graphene production with

average thickness of 2 nm

Figure 4.4. Spectra of the graphene product. Spectra of the graphene product: (a) Raman and

its mapping image (inset), (b) XRD and (c) survey XPS and C1s (inset).

The prepared graphene product quality has been further characterized by Raman, X-

ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). The Raman spec-

trum of the graphene film shown in Fig. 4.4a indicates three typical graphene bands:

D-band (1350 cm−1), G-band (1580 cm−1) and 2D-band (2688 cm−1). The 2D peak po-

sition is shifted noticeably (24 cm−1), and its intensity curve is more symmetric and

higher than that of the precursor graphite, suggesting a graphene product with less

than 6 layers [91]. The obtained ID/IG value of around 0.12 is slightly higher than the

graphite one (≈ 0.09) indicating low defects in this graphene. As shown in Fig. 4.4b,

the XRD diffraction pattern demonstrates a high crystalline degree with characteris-

tics of the (002) and (004) reflection of graphite originated from the interlayer distance

between the sheets. The intensity of these peaks are four times decreased as com-

pared to the values for their precursor due to structural disorder and/or high efficiency

graphite exfoliation [104]. The XPS was used to study the nature and concentration of

oxygen present in the graphene product. Based on the XPS survey spectra displayed
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in Fig. 4.4c, the composition of graphene is defined as C and O, and the atomic ratio

between them was estimated as C/O (at%) = 28.6. This value is much higher than re-

duced GO (C/O ~ 8–14) [147,148] and closer to graphite (C/O ~ 26–33) [105]. This sug-

gests that the present purified graphene contains less oxygen, high sp2 carbon bonds

and has a high graphitic structure level, which are crucially important for achieving

high electrical conductivity. The C1s spectra is shown in the inset of Fig. 4.4c where

a considerable degree of oxidation with five components that correspond to carbon

atoms is observed.

4.2.2 Graphene film preparation

The successful preparation of high quality pristine graphene with low defects is the

first and a very critical step for the realization of high-performing antennas. The mod-

est performance of existing graphene-based antennas is mainly due to the use of un-

purified graphene and the limited graphene film thickness. These two problems are

both solved in this work.

 Th*+,-.

Treatment

GO/Graphene Graphene

  Antenna

Realization

(a) (b) (c)

Figure 4.5. Graphene film preparation process. (a) Graphene film prepared by filtering a GO-

mediated aqueous dispersion of graphene inks. (b) Purified graphene film after thermal treatment

at 900 1C for 1 h under an Ar atmosphere. (c) The graphene-based UWB antenna design.

A three-step procedure is applied for the preparation of the proposed graphene film to-

wards antenna realization as presented in Fig. 4.5. First step, the graphene film is made

of the graphene ink by vacuum filtration. This is unlike the commercial graphene inks,

in which the graphene flakes are separated by a binder or stabilized by a dispersant

leading to better stacking but lower electrical conductivity. In contrast, the present

graphene ink is binder-free and dispersant-free. However, the residual GO sheets not

Page 87



4.2 Graphene film preparation and characterization

only serve as the dispersant for dispersing graphene but also act as glue for graphene

platelet linkage, which makes the graphene film robust with better stacking via pres-

sure driven graphene assembly.

We performed another step to improve the graphene film conductivity using thermal

annealing at 900◦C under a protective environment. This step is introduced for two

reasons: (i) to transform interconnected residual GO into reduced GO for reducing

the presence of inter-flake tunneling barriers, and (ii) to improve the graphitization

level of the graphene film. As a result, the produced graphene film is suitable for

microwave antenna designs, as it exhibits a very high conductivity of 3.3 × 104 S/m

and a thickness of 100 µm, which leads to a very low DC sheet resistance of around

0.3 Ω/square. The obtained film thickness is around twice to three times the corre-

sponding skin depth δs from 3 GHz (δs = 50.6 µm) to 10 GHz (δs = 27.7 µm), as typically

required for efficient antenna operation.

To confirm the thickness of graphene film is sufficient for our antenna design, an inves-

tigation based on CST is performed. The simulation results are shown in Fig. 4.6 where

antenna radiation efficiencies are plotted against the corresponding graphene thin film

thickness at 3.1, 6 and 10.6 GHz. As the graphene thin film thickness increases from

4 to 130 µm, the antenna radiation efficiency rises with a decreasing gradient. This

means that it increases rapidly at the beginning, reaches its maximum around 100 µm

and stays nearly unchanged afterwards. Therefore, the simulation results suggest that

a sufficient graphene thin film thickness is very critical for achieving satisfactory an-

tenna efficiency, and that our film has an optimal thickness.

One aspect worth mentioning is in relation with the CST model for these graphene

films, which is very critical to attain accurate antenna efficiency simulation results.

Due to the skin effect and the surface roughness of the graphene materials, the sheet

resistance increases with higher frequency. The images showing thickness and sur-

face roughness of the graphene film are plotted in Fig. 4.7, where the averaged surface

roughness is estimated to be 10 µm. As the frequency increases, firstly, the AC cur-

rents will be confined in a thinner layer of the graphene materials (skin effect), the

effective material thickness will decrease leading to a higher sheet resistance; and sec-

ondly, the graphene surface roughness becomes comparable to the wavelength which

will increase the sheet resistance as well. Therefore, a tabulated surface impedance as

a function of frequency considering these two main factors was generated using the

built-in Macro in CST, which was used as the graphene thin film material model in our
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Figure 4.6. Simulated radiation efficiency versus film thickness. Simulated antenna radiation

efficiency versus different film thickness.

simulation. The general agreement of simulations with measured data confirms that

the dispersion of resistance is not dramatic in the frequency range we studied.

/m200

(a) (b)

Figure 4.7. Graphene film thickness and surface roughness. Graphene film (a) thickness and

(b) surface roughness.

4.3 Graphene antenna design

UWB technology is very promising for wireless communication systems, since its wide

frequency band signals offer high data rate while a very low power level is needed

when compared with conventional narrowband technologies. Therefore, as a critical
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component of the technology, UWB antenna designs have been receiving considerable

attention [133, 149, 150]. In this work, an UWB antenna based on the graphene film,

with operational frequency from 3.1 to 10.6 GHz, is designed and experimentally char-

acterized. More importantly, this non-resonant antenna design is expected to have a

higher efficiency compared to resonant designs as it does not operate based on reso-

nance, as discussed in Chapter 3. This efficiency-driven strategy in antenna design is a

crucial step for achieving high antenna efficiency.

4.3.1 Antenna configuration

The graphene antenna is designed and optimized based on CST. The configuration and

a prototype realization of the antenna are shown in Fig. 4.8 whereas the dimensions are

listed in Table 4.1. This UWB antenna has one layer conductor and one layer dielec-

tric substrate as mechanical support. The conductor layer consists of two main parts,

namely an exponentially tapered patch as a typical UWB monopole and a coplanar

waveguide (CPW) as feeding structure. These two components operate together as

a radiator with a predominately vertical linear polarization. The broadband antenna

performance is achieved through the smooth antenna intrinsic impedance transition

from the feed to free space, which is formed by the two exponentially tapered edges

and the two slanted top CPW edges. The CPW center conductor width W3 and its slot

width W5 are two key parameters in the antenna design, since they dictate the CPW

characteristic impedance which influences the antenna matching. The later parame-

ter W5 is more relevant in this case, because a small W5 can lead to a strong induced

current density along the CPW slot which will result in high ohmic losses and thus a

low antenna efficiency. A detailed analysis can be found in Section 3.2.2. Therefore an

optimal W5 was obtained through parametric sweeps in CST to attain the achievable

maximum antenna efficiency while maintaining a satisfactory antenna matching.

4.3.2 Antenna fabrication

In order to achieve accurate patterning, a laser milling machine was used. A transpar-

ent substrate based on adhesive tape was used, since it is unaffected by the laser beam

and thus can be kept intact during milling. Moreover, it provides robust mechanical

support and physical isolation for the antenna. The 100-µm-thick adhesive tape has a

relative permittivity of ε = 3 and loss tangent tanδ = 0.01 both estimated based on fitted
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Figure 4.8. Graphene UWB antenna geometry and realization. (a) Graphene antenna config-

uration and (b) a prototype realization.

Table 4.1. Graphene UWB antenna dimensions. Dimensions of the proposed antenna in (mm)

L1 L2 L3 L4 L5 W1 W2 W3 W4 W5

14.0 13.8 12.8 1.2 1.0 14.3 9.0 2.5 2.0 0.5

values in simulation. Firstly, the graphene film was attached to a piece of adhesive

tape, and placed into the laser milling machine, then the laser cutting beam was swept

on the film with a programmed path by which all redundant graphene film was va-

porized to define the geometry of the antenna. Secondly, the antenna was adhered to

another piece of adhesive tape, which has a rectangular notch trimmed at the bottom

of the CPW to leave space for electrical connection of an SMA connector. Thirdly, con-

ductive epoxy (Circuit works CW2400) was applied between the SMA connector and

the antenna CPW to realize an excellent electrical connection. Finally, a very thin layer

of nonconductive epoxy was coated on top of the conductive silver pain to provide a

secure mechanical bond.

4.4 Experimental results

The fabricated antenna has been experimentally characterized to validate the graphene

film and the design. An identical antenna made of copper has also been manufactured

for direct comparison and evaluation of the antenna efficiency. As shown in Fig. 4.9,
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Figure 4.9. Graphene UWB antenna simulated and measured S11. Simulated and measured

reflection coefficients |S11|, with the operation frequency from 3.1 to 10.6 GHz highlighted in white.

the simulated and measured reflection coefficients |S11| have a good agreement where

a satisfactory matching (|S11| < -10 dB) is observed between 3.1 to 10.6 GHz.

The measured radiation pattens at 5 and 10 GHz in the xy-, xz- and yz-planes are

depicted in Fig. 4.10, normalized to the maximum gain of the reference copper an-

tenna. The radiation patterns demonstrate UWB dipole-like antenna characteristics as

expected: (i) a nearly omnidirectional pattern in the xy-plane and (ii) zeros in the z-axis

direction in the xz- and yz-planes. More importantly, the similarity in both antenna

patterns implies that the graphene antenna has a very high conduction efficiency since

it is very close to that of the reference copper antenna, as confirmed through dedicated

experimental data in the following.

The antenna radiation efficiency ecd is one of the most important parameters since it

provides indication of the power losses due to the antenna materials. It includes con-

duction efficiency ec and dielectric efficiency ed, namely ecd = eced. As the dielectric

materials used in our graphene and copper antennas are very thin and low-loss, the

dielectric efficiency ed can be assumed to be very close to 100%. In contrast, the con-

duction efficiency is more significant and of primary interest in our study, since losses

due to the lower conductivity of the graphene film compared to metallic materials

will be the main source of performance degradation. The antenna radiation efficiency

can be measured directly with the Wheeler cap method [134] which is based on the

antenna reflection coefficient measurement in free space and in a rectangular closed
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Figure 4.10. Graphene UWB antenna measured radiation patterns. Measured co- and cross-

polarized radiation patterns for the graphene (Gra) and reference copper (Cu) antennas in the xy-,

xz- and yz-planes at 5 and 10 GHz, normalized to the maximum gain of the copper antenna.

metallic cavity, as shown in Fig 4.11. For the details of this method, one can refer to

Section 3.2.4.

Figure 4.11. Wheeler cap measurement configuration. An antenna prototype under test in the

metallic box for Wheeler cap measurement, with the box lid opened.

In parallel, the conduction efficiency was estimated based on a direct gain-directivity

comparison between the graphene antenna and copper reference [4, 5]. This method

assumes that the copper antenna has a nearly 100% conduction efficiency, and that

Page 93



4.5 Conclusion

both antennas possess identical directivity which is confirmed by their very similar ra-

diation patterns. This measurement method for the efficiency has also been introduced

previously in Section 3.2.4. As shown in Fig 4.12, a good agreement between the simu-

lated and measured radiation efficiency is observed. The simulation and measurement

results show efficiencies ranging from 65 to 96% and from 74 to 86% respectively. The

averaged simulated and measured values are 76 and 77%, respectively. The conduc-

tion efficiency measurement results are within the range between 67 and 87%, with an

averaged value of 79%. The consistency of these results is a definite indicator that the

graphene antenna has a very satisfactory efficiency based on non-metallic conductors.
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Figure 4.12. Graphene UWB antenna simulated and measured efficiencies. Simulated and

measured radiation and conductor efficiency.

4.5 Conclusion

In conclusion, an UWB microwave antenna based on highly conductive graphene films

has been demonstrated. The graphene films were fabricated through vacuum filtration

of binder-free and surfactant-free graphene inks and a thermal treatment. The high

electrical conductivity of 3.3 × 104 S/m with a substantial thickness of 100 µm makes

these films suitable conductors for designing highly efficient microwave antennas. The

simulation and measurement results indicate that the UWB antenna operates as ex-

pected, and more importantly, has a very satisfactory antenna efficiency of nearly 80%

over the operation band. This is due to the high quality of the graphene films as well

as the efficiency-driven antenna design strategy and accurate fabrication technology.
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These measured antenna efficiencies are, to the best of our knowledge, the highest re-

ported values for antennas in the microwave region based on graphene films, and even

surpass realizations with silver nanowires [151]. The presented results suggest that the

proposed graphene films are very promising as environmentally-friendly, inexpensive

and efficient non-metallic conductors for high-volume applications in the microwave

region.
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Chapter 5

Shorting and Connection
Strategies for Wearable

Textile Antennas

W
EARABLE antennas are essential components of any

wearable wireless communication systems. Besides con-

ventional antenna requirements, these antennas should

be mechanically flexible, lightweight, low-cost, and garment-integratable.

Since conductive textiles possess outstanding properties such as superior

mechanical conformability and resilience, comfortable wearability and ex-

cellent bio-compatibility, they are increasingly utilized as conductors for

wearable antennas. Nevertheless, challenges in feeding, ground shorting

and interconnecting textile antennas with electronics is very challenging,

due to the different mechanical properties of textiles compared to conven-

tional rigid antenna materials.

This chapter focuses on shorting and connection strategies for wearable

textile antennas based on textile-compatible components including textiles

strips, embroidery vias, metallic eyelets and commercial snap-on buttons.

The investigation includes considerations on system and antenna perfor-

mance as well as realization complexity and cost.
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5.1 Introduction

A dramatic growth in wearable antenna technology has been witnessed in the last cou-

ple of decades. One can expect that this technology is going to be an essential part of

our daily life, since smart textiles or smart garments are anticipated to be integral part

of the next generation of daily dress. Generally speaking, textile materials including

conductive or non-conductive are inherently one of the best suited ’ingredients’ for

wearable antenna technology, as they offer outstanding mechanical flexibility and re-

silience, highly comfortable wearability and excellent bio-compatibility [112]. Textile-

based antennas will lead to many new scientific and engineering challenges not only in

antenna design but also in system integration, owing to the very unique characteristics

of conducting fabrics compared to the conventional antenna materials like bulk metals

or metallized substrates. This chapter has two major parts which investigate practical

aspects of textile antennas technology: the first one mainly focuses on shorting strate-

gies while the second one discusses connection methods for textile antennas.

The first part of this chapter will consider convenient, stable and low-loss shorting

vias or shorting wall realizations for textile antennas. Efficient shorting components

are essential building blocks of many well-developed antenna types such as patch,

PIFA and cavity-based antennas. In the case of wearable realizations of such antennas,

textile-compatible materials and components are needed to practically realize shorts

or conductive walls. To this end, and conductive textiles, embroidery vias and metal-

lic eyelets are three possible components as discussed in Chapter 2. Firstly, realizing

a conducting wall using part of the conductive textile itself is a perfect choice if the

specific antenna design permits. For instance in [124], a short was accommodated out-

side of the substrate for a PIFA textile antenna. Therefore, it was possible to fold a

single piece of copper polyester taffeta fabric to include the short together with the

patch and the ground plane. This arrangement leads to a convenient integration of a

shorting wall, by avoiding additional interconnections involving conductive glues or

epoxy. Secondly, realizing shorting vias through embroidery using conductive yarns

has become a popular technology owing to its ease of implementation. As a typical

illustration, a HMSIW-based textile antennas with a shorting wall fabricated based on

embroidered vias was reported in 2013 [21], where a precise and easy arrangement

of the shorting wall was achieved using computerized embroidery with conductive

threads. The last shorting method makes use of metallic eyelets, as one traditional

class of connectors employed in the cloth industry since more than hundred years. A
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textile cavity-backed slot antenna [20] and a textile HMSIW-based antenna [22] were

reported using metallic eyelets to realize the shorting wall. This technology is mature

and able to provide metallic electrical connection however with higher manufacturing

cost and less wearing comfort. In the first part of this chapter, an L-slot PIFA with a

short realized using a folded textile strip, embroidered vias and a metallic eyelet is se-

lected as a test bed for simulations to systematically compare the performance of these

shorting strategies.

The second part of the chapter will be dedicated to the connection between textile an-

tennas and the electronics. This is usually not straightforward and requires dedicated

engineering, owing to the very different physical properties of textiles and electronic

components. Soldering is the main connection technique for electronics, however, it

not compatible with textile materials because of the high temperature requirement. As

a result, connection technology compatible with both textiles and electronics is highly

desired. In addition, special connection features such as detachability, can be a signif-

icant advantage for wearable systems that have garment-integrated antennas. For ex-

ample, two garment-integrated textile patch antennas were reported in [14,125], where

a detachable connection between the antenna and the electronics can be very benefi-

cial. This is because a detachable connection can enable washing of a garment, with the

electronic parts disconnected, or maintenance of a wearable system through replace-

ment of the electronic parts and/or electronics interchanging. In order to achieve this

aim, a reliable, inexpensive and detachable connection based on a pair of commercial

snap-on buttons is proposed for balanced textile antennas and transmission lines. This

connection concept exhibits satisfactory performance, as validated in an RFID-based

elderly monitoring system, as covered by the second part of this chapter.

5.2 Wearable textile antenna shorting strategies

Planar antenna structures such as microstrip patch antennas [10, 31, 120, 122, 123], and

planar inverted-F antennas (PIFAs) [124,152] are widely used in wearable applications,

due to their compactness, low profile and limited backward radiation towards the hu-

man body. Therefore, a representative design of a wearable multi-band silver-fabric-

based L-slot PIFA is chosen as a test bed for the aforementioned shorting strategies -

textiles strips, embroidery vias and metallic eyelets. The performance of the proposed

antenna with these three shorting methods is compared through simulations with re-

alistic shorting models. According to the obtained numerical results, the antenna has
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three resonances at 4.5 GHz, 5.0 GHz and 6.6 GHz. In terms of gain and efficiency, the

embroidered vias shorting method, which is the simplest and cheapest method to im-

plement, has slightly lower performance than the silver fabric folded strip and eyelet

shorting methods due to its higher resistance. The last two methods can offer a very

low-loss shorting however with higher manufacturing cost and complexity. All the

details are discussed as the following.

5.2.1 L-slot PIFA antenna

The antenna structure is shown in Fig. 5.1 and Table 5.1 lists the corresponding di-

mensions. To achieve a low profile and wearable design with triple-band operation,

an L-slot PIFA is adopted here since similar design principles have been proved to

have multi-band performance [153]. In order to fulfil the wearability requirements

without compromising the performance of the antenna, a biocompatible silver-coated

nylon RIPSTOP fabric has been selected for the realization of the top patch and ground

plane. This conducting fabric has a low sheet resistance of 0.01 Ω/square which is

comparable to good metallic conductors. For the substrate, a thin and highly flexible

Cuming Microwave C-Foam PF-4 foam with a thickness of 2.4 mm has been chosen

because of its water resistance and low loss (tanδ = 0.0001). However, due to the low

relative permittivity εr = 1.06, wearable antenna designs based on this structure are

generally larger than circuit board counterparts. Hence shorting methods, as used in

PIFA configurations to make these structures more compact, become more significant.

A 50 Ω SMA probe feed is employed for the purpose of testing. Figure 5.2 presents the

electric field distribution and 3D radiation pattern at three resonances of the antenna

with folded strip shorting wall. It is shown that at the lowest resonance, the antenna

mainly radiates through the L-slot. At the middle resonance, it mainly radiates through

the fundamental cavity mode from the whole patch but with 45 degree rotation. For

the highest frequency resonance, the antenna radiates via a higher order mode of the

structure. The radiation patterns at all three resonance frequencies are showing a rela-

tively wide broadside beam, whereas the ground plane provides isolation towards the

back where usually the human body is present. The lowest resonance is sensitive to L1

and W1 while the middle and the high resonances are more sensitive to L2 and W2 due

to their radiation mechanism. The antenna has been designed using CST and these

principles should be applicable for similar L-shaped slot PIFA designs.
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Figure 5.1. L-slot PIFA antenna configuration. Layout of the L-slot PIFA antenna with indication

of its design parameters.

Table 5.1. L-slot antenna dimensions. Dimensions of the proposed antenna in (mm)

L1 L2 L3 SW1 SW2 W1 W2 W3 GWL

15.0 25.0 4.7 0.3 0.3 15.0 25.0 4.7 1.4

5.2.2 Shorting strategies

The shorting methods for wearable antenna technology should be based on the follow-

ing practical considerations:

• Easy access to the necessary materials and low cost.

• Easy and inexpensive manufacture methods.

• Acceptable antenna performance.

The three previously mentioned shorting strategies, namely folded textile strip, em-

broidered vias and a metallic eyelet, are chosen for this antenna design as they fulfill

the above criteria. The details are discussed as follows.

1. Shorting with silver fabric: The resonant patch and the ground plane can be con-

nected with a thin folded strip of silver fabric [124]. Due to the high conductor
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Figure 5.2. E-field distribution and radiation patterns of the proposed antenna. Simulated

lectric field distribution and 3D radiation pattern with folded strip shorting wall obtained from CST.

The electric field distributions are on the left while the 3D distributions are on the right.

efficiency in this shorting method, a good antenna performance can be expected.

The main advantage of this method is indeed that a near-perfect connection be-

tween the patch and ground can be formed. The main disadvantage however is

that the manufacture method is rather cumbersome, as the ground plane cannot

be realized as a single fabric piece. For instance, one possible implementation

method is cutting the shorting strip and the top patch as a single piece and then
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electrically connecting the shorting strip to the ground plane using conductive

epoxy or conductive threads.

2. Shorting with embroidered vias: A conductive wall can be embroidered with

a computerized embroidery machine using silver-coated yarns. The clear ad-

vantages of this method for the design at hand are ease and speed of manufac-

ture. However, due to the limited conductivity of the conductive yarn, lower

antenna efficiencies can be expected. This technique has been previously em-

ployed for a wearable half-mode substrate integrated antenna and resulted in

high efficiency [21].

3. Shorting with eyelets: Eyelets made from copper can be manually attached to

the two fabric layers to create the desired short, similarly to rivets used in PCB

manufacture to create vias. This eyelet shorting method has been used in the past

in [20]. The required manual labor increases the manufacture cost, but with the

added benefit of high efficiency.

The shorting wall configurations for the proposed methods are shown in Fig. 5.3. As

a reference, a shorting wall made of Perfect Electrical Conductor (PEC) is included in

the study. The top illustration represents the configuration for the folded strip made

of silver fabric. The same configuration is used as reference by replacing the strip by

PEC. The middle image illustrates the shorting method using embroidered vias. The

shorting arrangement based on a copper eyelet can be seen in the bottom configura-

tion. A sheet resistance of 0.01 Ω/square has been used for the short realized using the

first method, according to the silver fabric datasheet. The embroidered vias have been

simulated as an equivalent sheet with a sheet resistance of 10 Ω/square, as successfully

modelled in [21] for typical embroidered densities. Copper is used as the material for

the eyelet utilized in the third strategy. For reference, PEC is used as the material for

the short as the fourth shorting method.

5.2.3 Results and discussion

The reflection coefficient |S11|, gain, and efficiency of the PIFA with the proposed three

shorting strategies are compared to the PEC shorting method to identify the impact of

imperfect shorting on the antenna performance. The comparison of the |S11| parameter

is shown in Fig. 5.4. Due to the sensitivity of the resonance to the width of the shorting
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Figure 5.3. Shorting configurations. The configuration in (a) is applied for both shorting walls

made out of silver fabric and PEC (reference). The configuration in (b) shows the embroidered vias

while the one in (c) is for copper eyelet.

wall in the design, this dimension is chosen to be identical to the eyelet width. As

presented in Fig. 5.4, there are no significant differences between the shorting methods

at the middle resonance frequency, this is attributed to the very limited current running

through the shorting wall. For the lowest and highest frequencies, minor variations can

be observed between the curves obtained with different shorting methods.

Table 5.2 shows the maximum gain of the proposed antenna obtained with different

shorting methods at its three resonances. As a result of the relative high sheet resis-

tance of the embroidered conductive wall, the gain of the antenna with the embroi-

dered walls is around 2.6 dB below the gain with other shorting methods at 4.5 GHz,

and 0.6 dB lower at 6.6 GHz. Furthermore, negligible variations in gain at 5 GHz are

attributed to the nearly symmetrical radiation along the diagonal of the patch which

causes almost zero current running through the shorting wall.
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Figure 5.4. Simulated reflection coefficient of the L-slot PIFA antenna. Simulated reflection

coefficient |S11| of the proposed L-slot PIFA antenna.

Table 5.2. Antenna gain comparison between shorting strategies. Antenna simulated gain

comparison between folded strip, embroidered vias, copper eyelet and PEC.

Resonance

Frequency

Antenna Gain (dB)

Folded strip Embroidery vias Copper eyelet PEC

4.5 GHz 8.1 5.4 8.0 8.1

5.0 GHz 9.1 9.1 9.1 9.1

6.6 GHz 9.3 8.7 9.1 9.3

Similarly, a comparison of the radiation efficiency between the four shorting methods

is presented in Table. 5.3. The results indicate again that the resistance of the shorting

section is one of the important factors to be considered during antenna design: the

radiation efficiency of the antenna using embroidered vias is around 0.7 and 2.8 dB

less than that of the others at 4.5 and 6.6 GHz respectively. This is explained by the

relative higher conductor loss in the shorting wall.

5.2.4 Summary

Based on all the simulated results, it has been found that the resonant modes at three

operating frequencies of 4.5, 5.0, and 6.6 GHz are affected differently by the shorting
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Table 5.3. Antenna radiation efficiency comparison between shorting strategies. Antenna

simulated radiation efficiency comparison between folded strip, embroidered vias, copper eyelet and

PEC.

Resonance

Frequency

Antenna Radiation Efficiency (dB)

Folded strip Embroidery vias Copper eyelet PEC

4.5 GHz -0.3 -3.1 -0.2 -0.3

5.0 GHz -0.0 -0.1 -0.2 -0.0

6.6 GHz -0.0 -0.7 -0.2 -0.0

strategies. The fabric folded strip methods and eyelet shorting strategy yield compara-

ble results, with efficiencies higher by 0.6 to 2.6 dB compared to the embroidered vias

at the highest and lowest resonance frequencies. These differences are attributed to

the relatively high sheet resistance of the embroidered conductive wall. However, in

terms of fabrication simplicity, embroidering the vias can be automated and presents

the simplest and cheapest method. Performance improvement could be achieved by

increasing the conductivity of the conducting yarns, or through use of metallic threads.

For the middle frequency, no significant differences are observed between the different

shorting methods due to the very limited current running through the shorting wall.

This shows that to avoid significant impact on antennas resonances, the positioning for

the eyelets shorting should aim for minimal physical disturbance of antenna currents.

5.3 Detachable wearable textile antenna feeding

Generally antennas made from conductive textiles can be garment-integratable and

washable thus they can offer convenience and re-usability for wearable applications.

The performance of washable antennas such as gain, reflection coefficient and radi-

ation efficiency have been demonstrated in [154, 155], where reliable and acceptable

antenna performances have been achieved after several washing cycles. However, the

connected electronics are not washable in most scenarios, and therefore low-cost and

easy-to-use solutions of detachable connections for garment-integrated antennas are a

significant requirement.

A possible solution is utilizing snap-on buttons as detachable RF connectors. Some

dedicated snap-on connectors designed for wearable RF applications have been re-

ported in [156]. In contrast to specialized solutions, a cheaper and more convenient
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RF connector solution for a 2.4 GHz probe-fed textile patch antenna has been pro-

posed in [126], by taking advantage of commercial snap-on buttons commonly used

in clothing. Despite affecting the antenna resonance frequency and return loss, these

buttons still exhibit good performance as RF connectors. Further studies investigating

the characteristics of these buttons used as RF connectors in coaxial-to-microstrip tran-

sitions [157, 158] and for several plaster microstrip antennas [157, 159] have been also

reported. The results have demonstrated that the snap-on button is an appropriate con-

nector for applications up to 3 GHz. Additionally, a successful snap-on-button-based

transition between a 2.4 GHz planar inverted-F antenna and an electronic circuit board

has also been demonstrated [160]. However, all these research works were performed

in conjunction with unbalanced antennas and transmission lines.

In the following, the use of a pair of commercial snap-on buttons as detachable RF

connectors between a balanced wideband textile dipole antenna and a passive sensor-

enabled RFID tag in a wearable elderly activity monitoring system is presented. An-

tenna measurements and investigations of the system indicate excellent performance

of the RF connectors for balanced antennas with operating range from 780 to 1030 MHz.

The proposed snap-on button pair connection offers not only a solid mechanical con-

nection and detachability but also shows a minimal impact on RF performance. More-

over, an investigation of the characteristics of the snap-on button coupling arrange-

ment for balanced transmission line transitions demonstrates a stable applicability up

to at least 5 GHz.

5.3.1 The wearable electronic system

The considered application is a wearable RFID system with an operating frequency of

923 MHz, aiming at activity monitoring for elderly [32, 161]. It consists of at least one

battery-free tag with an antenna, a reader with several antennas and back-end systems.

The RFID tag [161] is a passive accelerometer-enabled device with an input impedance

of 78 + 16j Ω, containing a micro-controller unit where a unique identification num-

ber is stored. It communicates with a reader through an antenna, where the signal

received from the reader is also used as an activating power source. The back-end

computer systems collect, analyse and store the data received from the reader and act

as a human interface as well. The original tag has a rigid dipole antenna integrated

which significantly impairs wearability. In order to improve the system wearabillty

and practicality, a textile garment-integrated wideband dipole antenna is introduced
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as a replacement of the original one. More importantly, snap-on buttons are also intro-

duced as feeding connectors for the textile antenna, which offers reliable detachablility

for the tag. The original and the modified configurations of the system are shown in

Fig. 5.5. This arrangement with snap-on buttons provides a solution to detach the tag

from the textile antenna which can remain integrated with a garment during washing.

Figure 5.5. The original and the modified RFID system configurations. The original RFID

system configuration contains a battery-less tag with a rigid antenna integrated. In the new con-

figuration, a textile garment-integrated antenna replaces the original antenna and a pair of snap-on

buttons utilized as connectors is introduced in the antenna feed.

The tag originally comes with a dipole antenna printed on a FR4 substrate [32], as

shown in Fig. 5.6. It is noticeable that the original antenna is not appropriate for

wearable applications as it is narrowband and not flexible. Thus an alternative wear-

able wideband antenna has been designed to improve the wearability and robustness

to changing electromagnetic environments. The new antenna is a flexible wideband

textile dipole antenna with an impedance bandwidth for matching to 78 Ω (|S11| <

−10 dB) ranging from 780 MHz to 1030 MHz. To make the antenna lightweight and

flexible, a silver-coated nylon RIPSTOP fabric with a sheet resistance of 0.01 Ω/square

and a thickness of 100 µm has been selected as the conductor. As shown in Fig. 5.6, the
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Figure 5.6. The orginal and the new tags. A tag with an original rigid dipole antenna is modified

to have a detachable tag and an textile garment-integrated antenna.

new antenna is integrated into a garment and fed by a tag through a pair of snap-on

buttons.

Figure 5.7. The textile dipole configuration. Layout of the textile antenna. The design dimen-

sions are a = 70 mm, b = 40 mm and g = 3.5 mm.

As shown in Fig. 5.7, the antenna is a planar elliptical dipole which has a major axis a

= 75 mm and a minor axis b = 40 mm. The elliptical antenna elements offer wideband

performances [134] and the ratio of the major and minor axes a/b determines the taper

rate of the slots originating from the feed (between the ellipses) and consequently the

impedance bandwidth. The critical parameter to control the antenna input impedance

is the feed gap size g between the two elliptical elements. An optimal gap of g = 3.5

mm is chosen to set the antenna input impedance at 78 Ω to closely match the tag, as
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obtained through iterative optimizations in CST. In order to have easy detachability

without sacrificing the RF performance, commercial snap-on buttons are employed as

the RF connector for this replacement flexible antenna.

5.3.2 Snap-on button connection

The metallic snap-on buttons chosen in the present case are of sewn-on type with ap-

propriate sizes, as shown in Fig. 5.8. Therefore, these buttons can be sewed on the

textile antenna using conductive threads to ensure good mechanical and electrical con-

nections. The button dimensions and its 3D model built in CST are shown in Fig. 5.8.

The base diameters of 5.5 mm (male) and 6.2 mm (female) give enough real estate for

soldering and sewing while the engaged button height of less than 2.7 mm results in

a low-profile connection with negligible obstruction to movement. There is a spring

embedded in the female button to clip and hold the male button when engaged. This

spring mechanism forms solid and reproducible mechanical and electrical connections,

as presented as a pair of metallic thin rods in the CST model. A mechanical test involv-

ing a spring scale and a fixture to experimentally test the required force to pull a pair

of engaged buttons apart indicates that a force of approximately 3 N is needed. This

confirms that the mechanical connection is very solid.

(b)(a)

HIJ

HIK

LIK

NOQ

1.8

5.0

Figure 5.8. The snap-on buttons and their CST model. Dimensions of the used snap-on button

in (mm) and its model in simulation: (a) male and (b) female.

To attach to fabrics and textiles, there are four holes on the base of both male and fe-

male buttons for sewing propose. As shown in Fig. 5.9a and b, two female buttons are

sewed on the textile dipole using conductive threads, while two male buttons are sol-

dered on the tag printed circuit board, one male button being cut to fit the electronics.

Consequently the antenna can be easily detached from and reattached to the tag. The
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 (c)

(b)(a)

Figure 5.9. The snap-on button feeding arrangement. The snap-on button feeding arrangement:

(a) a tag with soldered male snap-on buttons, (b) proposed antenna with sewed female snap-on

buttons and (c) a tag with proposed antenna worn on human body.

mechanical compatibility of these buttons with textile materials and most electronics

is clear since they can be sewed or soldered on them respectively.

5.3.3 Experimental results

The proposed snap-on buttons have been measured to have excellent mechanical per-

formance, however, as RF connectors, exhibiting satisfactory electrical performance is

another crucially necessary requirement. In order to investigate this aspect, two iden-

tical textile elliptical antennas have been fabricated and experimentally characterized

with different connection methods. The first one employs the balanced paired snap-

on buttons feeding arrangement as shown in Fig. 5.9b while the second one adopts a

permanent direct contact method realized with conductive epoxy.

For dedicated antenna measurements (i.e. without the tag), a wideband (0.7 - 6 GHz)

balun has been adapted from [138, 139] to provide a transition from a 50 Ω microstrip

line to 78 Ω balanced coplanar strips. The CST model of the balun and its mode tran-

sitions are shown in Fig. 5.10. The balun provides a smooth mode transition from

the TEM (transverse electromagnetic) coaxial waveguide mode to the quasi-TEM mi-

crostrip line mode then to the quasi-TEM non-planar balanced line mode and finally to
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(a)

(b)

(c)

(d)

(e)

Figure 5.10. 50-Ω microstrip to 78-Ω coplanar strip balun mode transitions. CST model of

(a) 50-Ω microstrip to 78-Ω coplanar strips impedance-transformer balun with dotted lines indicating

the cross-sectional planes A-D locations, (b) TEM coaxial waveguide mode at plane A, (c) quasi-

TEM microstrip line mode at plane B, (d) quasi-TEM non-planar balanced line mode at plane C and

(e) quasi-TEM coplanar strip mode at plane D.

the quasi-TEM coplanar strips mode. Its satisfactory RF performance is evidenced in

the simulated S-parameters in Fig. 5.11, where the reflection coefficient |S11| remains

below -12 dB while the transmission coefficient |S21| is not lower than -1 dB from 0.7 to

6 GHz. For testing the antenna prototype with sewed snap-on buttons, two male snap-

on buttons are soldered on the impedance transition balun (as shown in Fig. 5.12a) to

feed the antenna. Figure 5.12b shows the balun connected with an antenna prototype.

The simulated and measured reflection coefficient of the two antennas with different

realizations of the connection are illustrated in Fig. 5.13. Simulations with and without

the 50 to 78 Ω balun are both shown. The slightly lower reflection coefficient observed

in the operation band when using the balun is a consequence of small reflections and

dielectric losses introduced by the balun. The results from simulation indicate that |S11|
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Figure 5.11. Simulated |S11| and |S21| of the balun. Simulated reflection coefficient |S11| and
transmission coefficient |S21| of the balun.

(b)(a)

Figure 5.12. 50-Ω microstrip to 78-Ω coplanar strip balun for antenna measurement. (a) A

50-Ω microstrip to 78-Ω coplanar strips impedance balun with soldered male snap-on buttons and

(b) an antenna prototype fed by the balun for testing.

is only slightly affected by the connection with the snap-on button connectors com-

pared to the results with direct connection. In particular, for the simulations without

the balun, the resonance frequency increases from 876 to 878 MHz while the impedance

bandwidth shifts from 782 - 1038 MHz to 783 - 1042 MHz. The experimental results ob-

tained with the balun are in good agreement and confirm the simulated findings: the

measured resonance frequency only has a 9 MHz increment from 867 MHz and the

impedance bandwidth moves slightly towards the higher frequency end, namely from

773 - 1007 MHz to 805 - 1012 MHz. Hence, with snap-on buttons, the antenna still

maintains its bandwidth and matching to the system.
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Figure 5.13. Textile dipole antenna simulated and measured |S11|. Simulated and measured

reflection coefficient |S11| of the proposed antenna. The simulated |S11| parameters for two cases

are included: i) the antenna fed with the 50 to 78 Ω balun (with balun); and ii) directly with a 78

Ω port (w/o balun).

A tag attached to a garment-integrated antenna using snap-on buttons and worn by a

human subject is shown in Fig. 5.9c. In this configuration, one of the most important

parameters of the RFID system is the read range, i.e. the maximum distance from the

reader antenna at which the RFID tag is activated (i.e. successfully powered) and com-

munication is successful, as shown in Fig. 5.14. In the present case, as the operational

frequency band of the wearable RFID system is generously covered by the antenna

impedance bandwidth for both types of connections (direct and snap-on), similar per-

formances are expected. This is validated in the experiments with a female human

subject, where identical read ranges, namely 3.0 m, have been obtained for the tag

with direct and snap-on connections to the antenna. It is noted that this read range can

be further enlarged with appropriate techniques to isolate the dipole radiation from

the human body.

The presented simulation results have been obtained for the ideal snap-on button con-

nection configuration, which considers the maximum and flattest contact surface for

the components connected. However, the thickness of the materials touching both

female and male buttons can influence the gap and consequently the capacitance be-

tween male and female connector parts. To investigate how this can affect RF perfor-

mance, a simulation-based study has been conducted. As demonstrated in Fig. 5.15,

the simulated |S11| is not significantly affected when increasing the gap from 10 µm

Page 114



Chapter 5 Shorting and Connection Strategies for Wearable Textile Antennas

Figure 5.14. Read range of a tag in the RFID system. Tag read range is defined as the maximum

distance to the reader antenna for which the tag is activated.
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Figure 5.15. Simulated |S11| versus engaged snap-on button gap. Simulated reflection coeffi-

cient |S11| of the proposed antenna with different gaps between female and male snap-on buttons.

to 550 µm which is the maximum possible gap obtained via empirical observations

of the buttons. This confirms the robustness of the snap-on button connection in the

proposed design.
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5.3.4 Balanced textile transmission line connector

These snap-on buttons can also utilized as detachable RF connectors for balanced tex-

tile transmission lines. To characterize the RF performance of the paired snap-on but-

tons connections in balanced structures up to 5 GHz, a pair of connected back-to-back

125 Ω (limited by the minimum achievable gap between two trips) coplanar strips

were used for testing. For reference, a through coplanar strip line with the same length

was used. As shown in Fig. 5.16, both the test and reference structures consist of two

baluns and a pair of transmission lines of same length made from silver fabric. The

impact on the RF performance from the button connections can be extracted through

S-parameters comparison, with time gating used to isolate the impact on the snap-on

connections from the parasitic effects of the baluns. Based on these measurements, the

resulting transmission coefficients are shown in Fig 5.17. The test structure holds a

slightly lower transmission coefficient than the reference, which demonstrates a good

RF performance of the proposed paired snap-on button connection, with insertion

losses from 0.29 to 0.76 dB up to 5 GHz.

(c)

(b)

(a)

l

d w

Figure 5.16. Coplanar strips test structure. The realized back-to-back balanced transmission line

structure. (a) Dimensions of the coplanar strips, l = 100 mm, d = 0.55 mm, w = 6 mm, (b) Textile

through coplanar strips transmission line, (c) Transmission line with snap-on buttons connection.

5.3.5 Summary

A practical and affordable solution using a pair of commercial snap-on buttons as de-

tachable RF connectors has been presented for balanced textile structures. This solution

has been applied to connect a wideband elliptical dipole antenna in a 923-MHz wear-

able RFID system. Two identical antennas have been fabricated using silver fabric, and
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Figure 5.17. Snap-on button insertion loss in coplanar strips structure. Measured transmission

coefficient of the reference and investigated back-to-back balanced coplanar strips structures.

experimentally characterized to compare direct contact connection to the proposed bal-

anced snap-on connection. The simulated and measured reflection coefficients indicate

that only small variations and an insignificant performance degradation are introduced

when using the paired snap-on buttons as RF connectors. This is confirmed by a sys-

tem test where identical read ranges have been obtained when employing these two

types of connections. Further results from a simulation-based study indicate that the

gap between engaged female and male buttons has negligible impact on the RF perfor-

mance. Moreover, measurements on a back-to-back balanced transmission line struc-

ture suggest that the button connectors are usable for similar applications at least up to

5 GHz. The utilization of low-cost commercial snap-on buttons offers a practical solu-

tion for detachable RF connectors without sacrificing the RF performance in balanced

configurations.

5.4 Conclusion

The first part of the chapter has compared three popular shorting strategies namely

folded fabric strip, embroidery vias and metallic eyelets, in terms of antenna perfor-

mance and fabrication complexity/cost. The comparison is based on simulations of an

L-slot PIFA antenna using these shorting components with realistic shorting models.

It has been found that the antenna resonance modes at three operating frequencies of

4.5, 5.0, and 6.6 GHz are affected differently by the shorting strategies, due to the dif-

ferent current density running in the short. Thus current density in the short should
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be taken into account for shorting method as well. Because of the relatively high sheet

resistance of the embroidered conductive wall, it yields a 0.6 to 2.6 dB lower efficiency

at the highest and lowest resonance frequencies compared to the fabric folded strip

and eyelet methods. However, the lossier method can be automated using comput-

erized embroidery technology and consequently presents the simplest and cheapest

method. In contrast, unless the short can be accommodated outside of the substrate,

the high-efficiency fabric folded strip method is usually cumbersome, as the ground

plane cannot be realized as a single fabric piece. Similarly, the copper eyelet method of-

fers metallic electrical connection, however with higher fabrication cost and less wear-

ing comfort. For the middle frequency, no significant differences are observed between

the different shorting methods due to the very limited current running through the

shorting wall. All these results suggest a general guideline in choosing appropriate

shorting strategies for textile antenna design in terms of performance and fabrication

complexity/cost.

The second part of this chapter has proposed a practical detachable RF connection

solution for balanced textile structures based on commercial snap-on buttons. This

solution has been applied to connect a wideband textile dipole antenna to an RFID tag

in a 923-MHz wearable RFID system. Compared to the performance of a tag directly

connected to a textile antenna prototype, the tag using snap-on button connectors only

has small variations and an insignificant performance degradation. This is confirmed

by the identical read ranges obtained for both tags. Additionally, measurements on a

back-to-back balanced transmission line structure suggest that the button connectors

are usable for similar applications up to at least 5 GHz. All the findings imply that

the utilization of low-cost commercial snap-on buttons offers a practical solution for

detachable RF connections without sacrificing the RF performance in balanced textile

configurations.
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Chapter 6

Wearable Modular Textile
Antennas

C
ONDUCTIVE textiles have been widely utilized as conduc-

tors for wearable antennas. This is mainly attributed to their

outstanding electrical conductivity and excellent mechanical

flexibility. Moreover, commercial snap-on buttons have been proposed as

an appropriate RF connection solution for textile antennas, with satisfac-

tory mechanical and electrical performance as well as repeatable detacha-

bility. These particular advantages of conductive textiles and snap-on but-

tons suggest joint applications of those components in wearable antennas,

combining flexible conductors with solid connections. In particular, inter-

changeable antenna designs can neatly exploit these material and connec-

tion advantages and consequently promotes system modularity.

In this context, this chapter presents a modular design concept for wear-

able textile antennas based on conductive fabrics and commercial snap-on

buttons, which offers convenient, passive, low-cost, and versatile system

modularity. Through manually interchanging and/or rearranging differ-

ent detachable radiation elements, dedicated antenna functionalities can be

fulfilled. This concept is validated by the experimental characterization of

various radiation module designs which can provide modularities in reso-

nance frequency, polarization and radiation patterns. Additionally, the idea

of utilizing commercial snap-on buttons as detachable shorting vias is also

demonstrated in an extended modular design.
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6.1 Introduction

In recent years, flexible and wearable antenna designs have received significant atten-

tion due to the dramatically increasing demands in various wearable electronic sys-

tems [9, 162]. Applications include mobile communications, wireless medical moni-

toring/diagnosing and military applications [163, 164]. Besides conventional antenna

requirements, wearable antennas are expected to be flexible, lightweight, low-cost

and garment-integratable [8, 10]. As a result, conductive textiles have been emerg-

ing as one of the most promising conducting materials [11, 12]. Many wearable de-

vices made from conductive textiles such as patch antennas [13–15] and arrays [16],

ultra-wideband [17,18] and ultra-wideband-notched [19] antennas, as well as antennas

based on fundamental mode [20] and half-mode [21, 22] substrate-integrated waveg-

uides have been reported. Moreover, clothing closure accessories have been exploited

as support for antenna design. For example, metallic buttons for textiles have been de-

signed as wearable antennas [165, 166], and commercial metallic snap-on buttons also

have been proposed as a practical and economical RF connection solution for wear-

able systems, since they can form detachable RF connection with suitable RF perfor-

mance [55, 158, 160]. This leads to the idea of making specific radiation elements de-

tachable with snap-on buttons to achieve modular antenna designs, thus enabling pas-

sive reconfigurability of the overall system. Although this requires manual operation,

passive reconfiguration promotes ease of antenna design [167] and versatile wearable

antenna integration since no active components and bias circuits are needed.

Modular antenna designs have been proposed in various wireless communication sys-

tems such as mobile phones [168], cellular communication base-stations [169] and

avionics systems [170]. They can be categorized into two main groups according to

their modular antenna elements, namely identical and different modular antenna el-

ements, which are illustrated in Fig. 6.1a and b respectively. In Fig. 6.1a, an active

antenna array comprising of identical sub-array modules [171] is displayed whereas a

wireless communication device which can be equipped with different antenna mod-

ules [168] is shown in Fig. 6.1b. Typically, identical modular antenna elements are

employed as building blocks for antenna array designs [169, 172]. With such mod-

ular designs, the array dimensions can be easily reconfigured. On the other hand,

modular designs with different antenna modules can be found in systems featuring

interchangeable antennas which share one common feed design [168, 170, 173]. These

antenna modules are usually of same outline geometry to satisfy the requirements of
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same fitting and feeding, even if they are serving different functionalities. Such modu-

lar antenna designs bring valuable advantages including low manufacturing cost, easy

maintenance and most importantly passive system reconfigurability.

(a) (b)

Figure 6.1. Typical modular antenna designs. (a) An active antenna array design based on

modular antenna sub-array, adapted from [171] and (b) an interchangeable and modular antennas in

a wireless communications device, adapted from [168].

In the present work, a modular antenna design based on metallized fabric and flexi-

ble low-permittivity foam substrate is presented for wearable applications, providing

possible system reconfigurabilities for polarization and resonance frequency. Com-

mercial snap-on buttons are employed as RF connectors and mechanical fixtures to

enable easy detachability of the modular antenna radiating elements. Various types of

antenna functions can be conveniently achieved by interchanging the dedicated patch

module or rearranging the configuration of a module by the means of flipping-over,

rotating, ground-shorting or folding. To demonstrate the concept, the following five

patch modules are discussed in this chapter based on simulated and experimentally

validated antenna characteristics:

• A module which can provide interchangeable right hand circular polarization

(RHCP) and left hand circular polarization (LHCP) at 5 GHz, through module

flipping;

• A module which can provide interchangeability between RHCP, LHCP at 5 GHz

and linear polarization (LP) at 4.7 or 5.3 GHz, through simple module rotation

and different flap configurations (opened or closed);

• A module which can provide interchangeable resonance frequencies between

2.45- and 5.3-GHz, by operating as a standard λ/2 patch or a λ/4 planar inverted-

F antenna (PIFA);
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• A module which operates at 8 GHz, showing a higher degree of design adapt-

ability with nearly unlimited choices of radiation element geometry;

• A module which can provide interchangeable resonance frequencies between 8,

9 and 10 GHz by patch folding.

Following those demonstrations, an extended design which employs four pairs of

snap-on buttons as detachable shorting vias is demonstrated, offering more possibili-

ties and thus versatility in possible module design. It is emphasized that the frequen-

cies of these modules are chosen as representative examples, but the functionality of

the principle is not limited to these particular bands. The very good agreement be-

tween simulation and experimental results in free-space, worn by a torso phantom and

in bending conditions confirm that such passive modular antenna designs can provide

a low-cost, easy-maintenance solution to enable versatile system reconfigurabilities for

wearable applications.

6.2 The antenna design

The generic antenna configuration is depicted in Fig. 6.2 and the most relevant di-

mensions are listed in Table 6.1. The antenna configuration is a planar structure and

it consists of an interchangeable modular radiating patch dedicated to a specific ap-

plication and a common base which includes a microstrip proximity coupled feed, a

two-layered substrate and five commercial snap-on button connectors. In this chapter,

various patch modules with different operating frequency bands such as WLAN 2.4-

and 5.3-GHz (IEEE 802.11) bands, or 8 to 10 GHz in the X-band have been chosen as

the designed antenna operation frequencies for illustration. But it is emphasized that

the concept is not limited to these frequencies.

6.2.1 Antenna materials and structure

To obtain flexibility without sacrificing conductivity, the microstrip feed, the ground

plane and the radiating patch elements are made from a silver-coated nylon RIPSTOP

fabric (commonly denoted as silver fabric) with a DC sheet resistance of 0.01 Ω/square

and a thickness of approximately 100 µm. The substrate is made of two layers of 1.6-

mm-thick highly flexible Cuming Microwave C-Foam PF-4 foams with relative permit-

tivity εr = 1.06 and loss tangent tan δ = 0.0001.
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Figure 6.2. The proposed modular antenna configuration. The proposed modular antenna

includes a common base and an interchangeable patch module designed for a specific functionality.

The common base consists of a ground plane, two layers of substrates, an open-end microstrip

proximity-coupled feed and five snap-on buttons. Four snap-on buttons are used as mechanical

fixtures for the various patch modules, whereas the fifth optional button is utilized as RF connector

to create a short in a PIFA configuration. Various functionalities are fulfilled with dedicated patch

modules.

Various patches can be fixed on top of the common base with four pairs of engaged

snap-on buttons which provides detachability and consequently interchangeability.

For the same reason, a proximity-coupled feed is adopted for the generic design since
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Table 6.1. General dimensions of the modular antenna. Dimensions of the common antenna

base and the outlined dimensions of the radiating patch modules.

Parameters W1 W2 W3 W4 S L1 L2 L3 L4 h

Value (mm) 40 19.5 13 6.5 10.5 40 18.5 13.5 15 3.2

the physical separation between feed and radiating element permits a free-standing de-

tachable patch. The two-layer structure serves two functionalities including antenna

elements separation and strict immobilization of snap-on buttons. An open-ended mi-

crostrip line serving as the antenna feed and four male snap-on buttons serving as

the patch fixtures are embedded between the top- and bottom-layer substrate. Note

that the top-layer substrate is cut with four holes for the snap-on button male pin to go

through. A fifth female snap-on button placed to provide a selective shorting post for a

proposed PIFA configuration is sewed onto the ground plane using conductive threads

and thus a hole is individually trimmed through both substrate layers to accommodate

it.

6.2.2 Snap-on buttons

The snap-on buttons are the key components which mechanically and electrically en-

able low-cost and practical detachability and interchangeability for the patch modules.

The chosen commercial snap-on buttons and their main dimensions are both included

in Fig. 6.3. On the one hand, they are selected as mechanical fixtures since their size

are appropriate for the patch modules, and more importantly, they offer solid mechan-

ical performance. As discussed in Section 5.2.2, a dedicated test done in [55] indicates

that an approximate 3 N force is needed to undo engaged buttons of this type. On the

other hand, since these snap-on buttons offer detachable connection with satisfactory

RF performance at least up to 5 GHz [55] as discussed in Section 5.2.4, they are also

chosen as an RF connector for the PIFA antenna configuration.

6.2.3 Antenna fabrication

To achieve accurate patterning of the geometry, the patch modules and microstrip feed

are cut with a laser milling machine (LPKF: Protolaser S). A series of laser-trimmed

modular patches in a larger sheet of silver fabric is shown in Fig. 6.4. A dedicated fix-

ture is used to trim holes in the substrates and align the feed line and snap-on buttons
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(a) (b)

rtu

vtw
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Figure 6.3. The chosen snap-on buttons and their dimensions. Geometries and dimensions

(mm) of the commercial snap-on buttons chosen for the button module: (a) male and (b) female

snap-on button.

onto the bottom substrate. Machine-washable fabric glue, Wash N Wear Glue White

from Helmar®, is applied to attach the ground plane to the substrate, the microstrip

feed/buttons to the bottom substrate, the top substrate to the bottom substrate, and

the radiation patch to its fabric substrate. As only a very thin layer of the glue is re-

quired to form a permanent and solid bond, its influence on the antenna performance

is deemed negligible and can be best taken into account as a slight increase in the con-

ductor loss of the metalized textile. Conductive epoxy is adopted to mechanically and

electrically connect a SMA connector to the microstrip feed. The conductive epoxy ap-

plied is the CW2400 from CircuitWorks® which offers high strength bond and excellent

electrical connection with a very low volume resistivity of 0.1 Ω·m.

Figure 6.4. Laser-trimmed modular patches. A series of laser-trimmed modular patches in a

larger sheet of silver fabric.
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6.3 The module design

Since the radiation element is detachable and interchangeable, different patch modules

can be designed to serve various functionalities. Moreover, this feature can benefit a

low maintenance cost since easy servicing and economical repair can be achieved by

direct component replacement.

The alignment and the attaching/detaching repeatability of these patch modules are

critical for the antenna performance and thus particular attention is required with re-

gard to the module design. Firstly, the silver fabric is chosen for the module materials

as it is conductive, flexible and, more importantly in this case, robust enough to remain

undistorted for numerous interchange of modules. Secondly, four positioning holes are

created in the modular patches to ensure an accurate module alignment with the male

buttons embedded in the top substrate layer. These holes are precisely cut using a laser

milling machine. To tightly confine the module alignment with the button fixtures, the

hole radius is determined to be 0.7 mm which corresponds to the exact dimension of

the neck of the male pin. Very stable alignment and attaching/detaching repeatability

have been observed during the measurement campaign for the most-frequently-used

modules.

This section shows five typical patch modules which are able to provide various mod-

ularities in terms of polarization and resonance frequency.

6.3.1 CP interchangeable module

The first module is based on a single-layer structure and can serve two functionalities

individually, namely operating with RHCP or LHCP at 5 GHz. As shown in Fig. 6.5,

the module is made of silver fabric and has a diagonal slot in the center which enables

RHCP or LHCP depending on its orientation.

Initially, as expected for a rectangular microstrip antenna design on unit permittivity

substrate, the patch dimensions are set to be a half of the wavelength at the chosen

operating frequency. The patch is then tuned to obtain approximately a 5% higher

resonance frequency which will compensate the influence from the diagonal slot in-

troduced later. To achieve circular polarization, the method using a diagonal slot per-

turbation is selected and initial dimensions of the slot are determined using formula
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Figure 6.5. CP interchangeable module. A prototype of the 5 GHz LHCP-RHCP interchangeable

module and the dimensions: L5 = 2 mm and W5 = 12 mm

(8.20) given in [174]
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This formula is utilized to find out the initial slot dimensions, where △A is the slot

area (L5 × W5), A is patch area (L2 × W2) and Q0 is the antenna unloaded quality

factor. The value of Q0 is estimated through the fractional bandwidth (△ f / f0) and

the voltage standing wave ratio (VSWR) obtained from simulation results using the

relationship [175]
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Q0

√
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. (6.2)

Consequently the only unknown △A can be determined accordingly as a starting

value. An optimal slot dimension combination which yields a nearly 0-dB axial ra-

tio (AR) is then gained through parameter sweeps in CST. Because of the introduction

of the diagonal slot, the resonance frequency is now lower and consequently closer to

5 GHz. Subsequent tuning of L1 and W1 is required to achieve a maximum impedance

bandwidth and an AR below 1 dB, both centered at 5 GHz. Finally the length of the

open microstrip feed is adjusted for best impedance matching. It is worth mentioning

that since the microstrip feed line is fixed from this point on, matching techniques for

all subsequently designed patch modules will require extra effort. The antenna loaded

with the designed patch, as shown in Fig. 6.6a, provides RHCP while in contrast the

one shown in Fig. 6.6b provides LHCP. The circular polarization is easily interchange-

able by flipping the patch accordingly.

As illustrated in Fig. 6.7, the measured reflection coefficients for the antenna loaded

with the circularly polarized modules show a reasonable agreement with the simulated

values. The measured |S11| parameter of the antenna yields a -10-dB impedance band-

width from 4.75 to 5.25 GHz for the LHCP configuration and from 4.80 to 5.35 GHz for

Page 127



6.3 The module design

(a) (b)

Figure 6.6. Antenna loaded with the CP interchangeable module. (a) Antenna loaded with

circularly polarized patch module in RHCP configuration. (b) Antenna loaded with circularly polarized

patch module in LHCP configuration.

the RHCP one, which covers the target center frequency of 5 GHz. The difference is

indicative of fabrication tolerances.

Figure 6.7. |S11| of the antenna with CP interchangeable module. Reflection coefficient

comparison of the antenna loaded with the circularly-polarized patch module.

The simulated and measured boresight axial ratios of the antenna in free space are com-

pared in Fig. 6.8 and they exhibit a very good agreement. The 3-dB axial-ratio band-

width is from 4.95 to 5.08 GHz for the LHCP configuration and from 4.95 to 5.06 GHz

for the RHCP one, both centered at approximately 5.01 GHz. The whole 3-dB axial

bandwidth (of 2.2%) is covered by the -10-dB impedance bandwidth (of 10%), which

indicates that circular polarization is achieved as designed.

The normalized radiation patterns in xz-plane (H-plane) and yz-plane (E-plane) have

been obtained through measurement in an anechoic chamber. The radiation patterns

of the LHCP and RHCP antennas in free space are shown in Fig. 6.9. For the LHCP

Page 128



Chapter 6 Wearable Modular Textile Antennas

Figure 6.8. Boresight AR of the antenna with CP interchangeable module. Boresight axial

ratio of the antenna loaded with circularly-polarized patch module.

Figure 6.9. Radiation patterns of the antenna with CP interchangeable module. Measured

normalized radiation patterns of the antenna loaded with circularly-polarized patch module.

antenna, the desired left-handed polarization (co-polarization) has an around 20-dB

power higher level over the unwanted right-handed polarization (cross-polarization).
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Due to symmetry, similar radiation patterns are obtained for the RHCP antenna config-

uration, but with a predominant right-handed polarization rather than the left-handed

one. As anticipated for a microstrip patch antenna, all these patterns exhibit a main

lobe directed in positive z direction with some small back lobes with amplitude depen-

dent on ground plane size. In addition, a realized gain of 8.0 dBic has been measured

for the LHCP antenna and this result is very close to the simulated value of 8.1 dBic.

6.3.2 LP-CP and frequency interchangeable module

The patch proposed in the section is an extended version of the first module just re-

ported above, with extra modularities in LP and variation in resonance frequency. On

the one hand, the LP modularity is achieved by introducing a circular patch geom-

etry instead of the original rectangular one, since this allows the antenna to operate

at its fundamental TMz
110 mode regardless the orientation of the module and its cen-

ter slot. On the other hand, the slot in the patch is realized by folding a flap rather

than trimming the whole slot off, which brings about a closable slot and therefore an

interchangeable resonance frequency. The details are discussed as follows.

The proposed module, as shown in Fig. 6.10, is a circular patch with a flap cut in the

middle and a sticky tape cover on its top. There are eight holes in the module separated

with a 45◦ angle, which allow the module to have a π/4 rotation resolution. Addition-

ally the flap can either be folded and put underneath the patch to form an opened slot

(Fig 6.10b) or it can fully close the slot (Fig 6.10c). Therefore, a sticky tape cover is

introduced to ensure good electrical contact between the flap edges and the module

main body. The circular patch module resonates in its fundamental TMz
110 mode and

hence its radius corresponds approximately to half of the operation wavelength [175].

The slot is introduced to make the antenna circularly polarized but can also be used to

obtain two different resonance frequencies (slot closed and opened) in the LP config-

uration. As a result, to obtain the desired CP performance, the start values of the slot

dimensions are obtained based on the method discussed for the first module. Follow-

ing that, the optimal dimensions are determined based on parametric simulations with

CST.

In the configuration for achieving RHCP or LHCP, the module needs to be positioned

with the slot opened and aligned with φ = 45◦ (Fig 6.11a) or φ = 135◦ (Fig 6.11b),

respectively. In contrast, to switch to LP (with different resonance frequency), the slot
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D

(b) (c)(a)

W8

L9W9

Figure 6.10. The LP-CP/frequency interchangeable module. (a) Configuration and dimensions

of the proposed patch module: W8 = 11.8 mm, W9 = 9.5 mm, L9 = 2.6 mm and D = 23.4 mm. A

prototype module realization in (b) opened configuration and (c) closed configuration.

can be closed or opened with either vertical (φ = 0◦) or horizontal (φ = 90◦) alignment.

A lower operational frequency is expected with an opened slot.

(a) (b) (c) (d)

Figure 6.11. Antenna loaded with the LP-CP/frequency interchangeable module. Antenna

loaded with the proposed patch module in different configurations: (a) RHCP configuration, (b)

LHCP configuration, (c) LP slot opened configuration and (d) LP slot closed configuration.

The simulated and measured reflection coefficients of the antenna in RHCP mode is

shown in Fig 6.12. An excellent agreement between simulation and measurement is

observed, with an impedance bandwidth extending approximately from 4.75 to 5.25

GHz (10%). As two orthogonal modes of the circular patch module are needed to ex-

cite CP radiation, the two dips in the reflection coefficient as observed in the measure-

ment are suggesting appropriate excitation of orthogonal resonances with frequency

offset. To confirm that, the boresight AR has been measured and compared with the

simulated result as plotted in Fig 6.13. The measured result has a good consistency

with the simulated result, that is, the antenna is circularly polarized within a 3dB AR

bandwidth from 4.94 to 5.07 GHz (2.6%). As anticipated, the measured normalized

radiation patterns in the xz- and yz- planes also provide further evidence of the RHCP
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characteristics, as demonstrated in Fig. 6.14, where the co-polar (RHCP) components

are at least 20 dB higher that the cross-polar ones (LHCP). By symmetry, the antenna

can radiate with LHCP with similar performance when the module is rotated 90◦ from

the RHCP configuration, as shown in Fig 6.11b.

Figure 6.12. |S11| of the RHCP configuration. Simulated and measured |S11| of the antenna in

RHCP configuration.

Figure 6.13. AR of of the RHCP configuration. Simulated and measured axial ratio of the

antenna in RHCP configuration.

As mentioned, when the module slot is either closed or opened with alignment along

the x- or the y- axis, the antenna radiates with linearly polarized waves, as displayed

in Fig. 6.11c and d. For these two configurations, the simulated and measured |S11| pa-

rameters of the antenna are depicted in Fig. 6.15 where a good agreement is observed.

When the slot is fully closed, the antenna resonates at 5.2 GHz with a bandwidth of

around 9.5%. For the case that the slot is fully opened and aligned with the x-axis,

its center operational frequency is at 4.7 GHz with a 13.5% bandwidth. The measured

normalized radiation patterns of these two configurations in the xz- and yz- planes
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Figure 6.14. Radiation patterns of the RHCP configuration. Measured normalized radiation

patterns of the antenna in RHCP configuration in the yz- and xz-planes at 5 GHz.

are plotted in Fig 6.16. As expected, they are typical half-wavelength patch radiation

patterns where the main beam is in the boresight direction. Since a decrease in the

resonance frequency is expected with longer slots, further resonance frequencies (e.g.

5 GHz as for the RHCP design) are attainable through introducing slots with appro-

priate length. This could be even achievable by adding more slices in the flap along its

short edges. With the sticky tape cover on the module holding the flap in the slot, a

good electrical connection between them can be realized.

Figure 6.15. |S11| of the LP configurations. Simulated and measured |S11| of the antenna in LP

slot closed and LP slot opened configurations.
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Figure 6.16. Radiation patterns of the LP configuration. Measured normalized radiation pat-

terns of the antenna in LP slot closed and LP slot opened configurations in the yz- and xz-planes

at 4.7 and 5.2 GHz, respectively.

6.3.3 λ/2-patch and λ/4-PIFA interchangeable module

As illustrated in Fig. 6.2 and Fig. 6.18a, a fifth female snap-on button sewed onto the

ground plane can be engaged to a male counterpart to form a patch-to-ground electri-

cal shorting. As a consequence, the antenna operates then as a PIFA antenna (quarter-

wavelength patch), as shown in Fig. 6.18a, instead of the standard half-wave microstrip

patch configuration as shown in Fig. 6.18b. The two resonance frequencies are gener-

ally both inversely proportional to the patch length L2 and the lower resonance fre-

quency (PIFA) is also additionally dependent on the shorting button’s vertical position

S. Therefore, S is utilized to tune the lower resonance frequency. Furthermore, trans-

verse slots can be introduced within the patch to individually adjust the higher reso-

nance frequency. Since the resonance frequency tunability is important for obtaining

various system reconfigurability, three of this module variations with different trans-

verse slots have been fabricated and tested to verify the prediction. As displayed in

Fig. 6.19, a 2-mm wide slot with different length of 6, 10 and 14 mm was introduced in

three identical modules respectively.
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Figure 6.17. The LP frequency interchangeable module. The frequency interchangeable module

for quarter-wave and half-wave configurations and its dimensions: W6 = 11.8 mm and L6 = 2.6 mm.

(a) (b)

Figure 6.18. Antenna loaded with the LP module. Antenna loaded with the frequency inter-

changeable patch module in different configurations: (a) λ/4 PIFA configuration and (b) standard

λ/2 patch configuration.

10

9.25

2
6 14

(a) (b) (c)

Figure 6.19. The LP modules with different slots. 5.3 GHz Patch modules with transverse slots

of different lengths but with the same width of 2 mm. (a) Patch module with a 6-mm long slot. (b)

Patch module with a 10-mm long slot. (c) Patch module with a 14-mm long slot.

As mentioned previously, the microstrip feed has been optimized for the circularly-

polarized patch and thus cannot be changed. Therefore, matching technique needs

to be applied to the patch modules in this case. To match the antenna in PIFA con-

figuration, a rectangular notch with dimensions L6 × W6 is required, as shown in
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Fig. 6.17. This notch reduces the capacitance between the patch and the microstrip

feed and hence compensates the capacitance decrease in the patch input impedance

due to the ground shorting. For the half-wave configuration, a satisfactory matching

is achieved by a rotation of the patch module bringing the edge without notch down,

and thus leading to a similar input impedance as the circularly polarized module. The

antenna in quarter-wave and half-wave configurations are illustrated in Fig. 6.18a and

b individually. Switching between two resonance frequencies, 2.45 GHz and 5.3 GHz,

is accomplished via a simple rotation of the patch and engaging (or disengaging) the

shorting snap-on button.

The measured |S11| parameters of the antenna loaded with linearly polarized patches

are largely in accord with simulations, as depicted in Fig. 6.20. The antenna with PIFA

configuration has an impedance bandwidth of around 100 MHz centred at 2.45 GHz.

The half-wave patch resonates at 5.33 GHz with an impedance bandwidth extending

from 5.18 to 5.48 GHz.

Figure 6.20. |S11| of the antenna with the LP module. S-parameter comparison of the antenna

loaded with the frequency interchangeable patch module. (a) Antenna loaded with the patch module

in PIFA configuration (2.45 GHz). (b) Antenna loaded with the patch module in normal configuration

(5.3 GHz).

Now considering the half-wave patches with an added transverse slot, their measured

and simulated reflection coefficients are displayed in Fig. 6.21, showing reasonable

agreement. As expected, the patch with the longest slot (14 mm) yields the lowest

resonance frequency at 4.72 GHz while the highest resonance frequency 5.26 GHz is

held by the one with the shortest slot (6 mm). The resonance frequency in the middle

corresponds to the patch with a slot of length of 10 mm. Theoretically the resonance
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frequency can be further decreased by extending the slot length or introducing more

slots [174].
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Figure 6.21. |S11| of the antenna with the slotted LP modules. S-parameter comparison of

the antenna loaded with slotted frequency interchangeable patch modules. The lowest, medium and

highest resonance frequencies correspond to the modules with slot length of 14 mm, 10 mm and

6 mm respectively.

The measured normalized radiation patterns are shown in Fig. 6.22. The patterns of the

standard half-wave patch are as expected for this type of antenna, whereas the patterns

of the quarter-wave patch show a degradation typical for PIFA antennas, with less

directivity and increased cross-polarization. The measured antenna gain for the half-

wave and quarter-wave patches are 7.8 dBi and 3.1 dBi, respectively. These values are

close to the simulated results of 8.3 and 3.5 dBi.

6.3.4 8 GHz module

Compared to the modules discussed before, the present patch module only provides

a single functionality but with a higher degree of freedom in terms of module design:

An illustrative example is designed for operation at 8 GHz and requires a two-layered

structure, as shown in Fig. 6.23a. This last arrangement structure offers more freedom

in module design, however at the cost of additional complexity.

This module consists of one layer of non-conductive fabric as a support with the same

outline geometry as the other patches and one layer of silver fabric as a radiation ele-

ment resonating at 8 GHz. This two-layered arrangement provides a more adaptable

way for patch module design since the radiating element has more freedom in terms of
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Figure 6.22. Radiation patterns of the antenna with the LP module. Measured radiation

patterns of the antenna loaded with linearly-polarized 2.45- and 5.3-GHz patch modules.

size and shape selection, while the non-conductive fabric ensures mechanical fixture.

The supporting fabric was chosen as cotton textile commonly used for embroidery. The

fabric has a measured thickness of approximately 200 µm, as well as a relative permit-

tivity εr = 2 and a loss tangent tan δ = 0.01 both estimated based on fitted simulation

results, which broadly agree with the measured values for cotton textiles in [113, 176].

As anticipated, the vertical length L7 of the radiating element is inversely proportional

to the resonance frequency. The bottom of the radiating element is tapered as a triangle

to get a satisfactory matching. The antenna loaded with this patch is illustrated in

Fig. 6.23b. Owing to the vicinity to the radiating element, coupling to the snap-on

buttons should be taken into account in the design. This can be done with simulation

tools and complicated current distributions have been observed in simulated results.

Moreover, the radiating patch is facing down towards to the substrate to avoid galvanic

contact with the two closest female buttons.
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W7

L7

L8

(a) (b)

Figure 6.23. The 8-GHz module and its antenna configuration. (a) The 8-GHz module with

its dimensions: W7 = 7.5 mm, L7 = 15.2 mm and L8 = 9.3 mm and (b) the antenna loaded with

this module.

The measured and simulated reflection coefficients have a good correspondence, as

demonstrated in Fig. 6.24. The antenna resonates at 8 GHz with a bandwidth of ap-

proximately 500 MHz. The measured normalized radiation patterns are portrayed in

Fig 6.25, and as expected, standard half-wave patch radiation patterns are observed,

which is confirmed by the simulated electric field distribution of the antenna shown in

the inset of Fig. 6.24. The measured antenna gain is approximately 8.9 dBi whereas the

simulated one is 9.2 dBi.

Figure 6.24. |S11| of the antenna with the 8-GHz module. Measured and simulated S-parameter

comparison of the antenna loaded with 8-GHz patch module.
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Figure 6.25. Radiation patterns of the antenna with the 8-GHz module. Measured radiation

patterns of the antenna loaded with an 8-GHz patch module.

6.3.5 Foldable module

The present module offers a foldable design concept which makes good use of the

very unique advantage of conductive textiles, namely mechanical flexibility and re-

silience. Through a simple folding of the textile radiating element at predetermined

lengths denoted by position markers, particular resonance frequencies can be manu-

ally interchanged. The mechanical robustness of the conductive fabrics used ensures

the durability of the antenna, especially for the proposed patch module which requires

numerous foldings.

The geometry and a realization of the proposed patch module are shown in Fig 6.26.

It consists of a non-conducting adhesive tape supporting substrate and a silver fabric

radiating element. The adhesive tape chosen has a thickness of 100-µm whereas its rel-

ative permittivity εr and loss tangent tan δ are estimated to be 2 and 0.01 according to

fitted simulation results, respectively. The vertical length of the radiating patch is in in-

verse proportion to the resonance frequency. Therefore, folding the radiating patch at

particular positions leads to effective antenna length reductions and consequently the

desired increases in antenna operational frequencies. The lower section of the radiation

patch is tapered as a triangle for matching. The substrate acts as a mechanical support

for the radiating element which has its triangle bottom section fixed to the substrate

while the rectangular top part is free to move and thus foldable. The two dash lines

on the radiation patch upper section shown in Fig 6.26a indicate the respective fold-

ing positions for the realized antenna resonance frequencies at 9 and 10 GHz. Hence,
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together with the unfolded configuration, this antenna module can have three discrete

interchangeable resonance frequencies at 8, 9 and 10 GHz. The antenna loaded with

the foldable module in these three configurations is demonstrated in Fig. 6.27. The ra-

diating patch is placed in between its substrate and the common base where the tight

and secured compression confines the radiation element in both unfolded and folded

conditions. This is an important requirement to ensure reproducible antenna perfor-

mance.

(b)

7.5

15.29.3

2.5

1.6
9 GHz

10 GHz

(a)

Figure 6.26. The foldable patch module. (a) The configuration and dimensions (mm) of the

foldable patch module. The two dash lines indicate the radiation element folding positions for the 9

and 10 GHz configurations. (b) A prototype module realization.

(a) (b) {}~

Figure 6.27. Antenna loaded with the foldable module. Antenna realization in the three

configurations: (a) 8-GHz unfolded configuration. (b) 9-GHz folded configuration. (c) 10-GHz

folded configuration.

It is worth mentioning that the proposed module is not limited to these frequencies and

theoretically the antenna can be tuned to any operating frequency between 8 GHz and

12 GHz (X-band). However, options are limited by the practicality of precise folding

positions. Nevertheless, overall module usability and operability can be improved

by clear and accurate marking of the folding positions on the radiating patch and the
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substrate accordingly. For this reason, a transparent substrate is preferable as it is easier

for visual validations.

In order to verify the performance of the foldable module, a prototype has been fab-

ricated and experimentally characterized, as shown in Fig. 6.26b. Firstly, two pieces

of adhesive tape are tailored to the required substrate dimensions, with one of them

having a triangle slot of the same dimensions as the radiating element bottom section.

Secondly, these two tapes are aligned and attached onto each other (on the adhesive

side). A laser-cut silver fabric radiation patch is stuck on it at the precut triangle posi-

tion. Finally, the folding lines are marked on the patch and the substrate.

The measured and simulated reflection coefficients in the three configurations are plot-

ted in Fig. 6.28. A very good agreement between measurements and simulations is

observed. The antenna has resonance frequencies at 8, 9 and 10 GHz whereas the op-

eration ranges are 7.7 - 8.3 GHz (600 MHz), 8.6 - 9.4 GHz (800 MHz) and 9.4 - 11.8

GHz (1400 MHz) for the three configurations, respectively. Based on these results, the

X-band frequency spectrum (8 - 12 GHz) can be fully covered by this module design

with three appropriate folding positions.

Figure 6.28. |S11| of the antenna with the foldable module. Reflection coefficient comparison

of the antenna loaded with the foldable patch module in three different configurations: unfolded 8

GHz, folded 9 GHz and folded 10 GHz.

The xz-plane and yz-plane radiation pattens of the antenna in the three configurations

(Fig. 6.27) are shown in Fig. 6.29 and they are normalized to the maximum gain. As

expected, these patterns exhibit typical half-wave microstrip patch characteristics. It is

noted that the main beam slightly steers away from the +z-axis direction (θ = 0◦) to-

ward the +y-axis with increasing antenna resonance frequency. This can be caused by
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the shortening radiating element electrical length which effectively enlarges the asym-

metry introduced by the matching triangle section. The measured maximum gains of

the antenna are 9.2, 9.3 and 9.2 dBi for the 8, 9, and 10 GHz configurations respectively,

whereas the simulated ones are 9.1, 9.2 and 9.4 dBi accordingly.

Figure 6.29. Radiation pattens of the antenna with the foldable module. Measured normalized

xz- and yz-plane radiation patterns of the antenna loaded with the foldable patch module in three

different configurations: unfolded 8 GHz, folded 9 GHz and folded 10 GHz.

6.3.6 Summary on module designs

This section has demonstrated five different patch modules for the proposed modular

antenna design, dedicated for various antenna modularity in regard to polarization

and resonance frequency. In order to achieve modularity in antenna polarization, as
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shown in the first two modules, one can alter the current direction and distribution,

through changing the orientation of its center slot by the means of flipping or rotating

of the module. In terms of resonance frequency modularity, closing/opening/rotating

a slot in the module, ground shorting the module and folding the radiating element of

the module are the mechanisms utilized for the reported modules in Section 6.3.2, 6.3.3

and 6.3.5, respectively. These mechanisms are also based on controlling the current

direction and distribution of the modules. The modules demonstrated in Section 6.3.4

and 6.3.5 show typical two-layer designs which offer more freedom in module design,

however at the cost of additional complexity. In summary, these five modules shed a

light on some useful and practical strategies and guidelines for designing patch mod-

ules.

6.4 Human body and bending impact

As the proposed modular antenna is designed for wearable applications, two critical

aspects of wearable antenna designs namely the impact on antenna characteristics due

to antenna bending as well as vicinity of a human body, are investigated respectively.

An antenna loaded with the LHCP-RHCP module is chosen as the test bed here due

to its highly sensitive circular polarized antenna performance. Based on experimental

results which will be discussed in the following two sections, the antenna only has

insignificant performance degradation under these two impacts.

6.4.1 Human body impact

As wearable antennas are expected to be worn by humans or animals, the impact on

antenna characteristics in the vicinity of a human body has been investigated with a

torso phantom. The torso (TORSO-OTA-V5.1 from SPEAG) is an anthropomorphically

shaped [177] shell phantom which is filled with a broadband tissue simulating gel

complying with human target parameters in [178,179] up to 6 GHz. An antenna loaded

with the CP interchangeable patch module in the LHCP configuration is chosen in

this study. The antenna is attached to the phantom and then measured together in an

anechoic chamber, as illustrated in Fig. 6.30.

The measured reflection coefficient and axial ratio for the LHCP antenna placed on the

phantom are plotted in Fig. 6.31 and Fig. 6.32, respectively. Insignificant discrepancies
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Figure 6.30. An antenna loaded on a torso phantom in an anechoic chamber. An antennas

loaded with the LHCP-RHCP module is attached to a torso phantom in an anechoic chamber for

testing.

in these comparisons due to the human phantom are observed. In addition, for rep-

resentation of the radiation characteristics in Fig 6.33, the on-body radiation patterns

are normalized to the maximum values in free space, and a slight reduction in LHCP

component due to the phantom is observed in both planes. This is confirmed with

the simulated and measured realized gain of the antenna shown in Fig. 6.34. In most

of the frequency range, there is a reasonable agreement between the antenna realized

gain measured in free space and with the phantom. Only a small gain decrement (max-

imum 0.7 dB) due to the human body is observed in a short frequency range around

5 GHz.

All these results indicate a rather low impact on the antenna performance when worn

on the human body. The resilience to degradation when worn on the body is attributed

to the isolation effect of the ground plane.
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Figure 6.31. |S11| of the LHCP antenna in free space and on a phantom. Reflection coefficient

comparison of the antenna loaded with the CP interchangeable module in free space and loaded on

a phantom.

Figure 6.32. AR of the LHCP antenna in free space and on a phantom. Boresight axial ratio

of the antenna loaded with the CP interchangeable module in free space and loaded on a phantom.

6.4.2 Bending impact

Another critical aspect of wearable antennas is the influence of bending on their perfor-

mance. To assess this effect, an investigation of the same antenna under two bending

configurations has been carried out. The bending test setup is shown in the inset of

Fig. 6.35: namely bending along the y-axis with radius of 30 mm (approximately a

forearm radius) and 40 mm (approximately an upper arm radius) respectively. Practi-

cally, bending along the x-axis should be avoided since more significant alterations
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Figure 6.33. Radiation patterns of the LHCP antenna in free space and on a phantom.

Measured normalized radiation patterns of the antenna loaded with the CP interchangeable module

in free space and loaded on a phantom.

in the effective patch length (L2) and consequently resonance frequency are antici-

pated [15, 180]. The measured reflection coefficients of the antenna under unbent and

two bent configurations are illustrated in Fig. 6.35. There are no significant variations

on the measured |S11| parameters introduced through the antenna bending. This is

attributed to the compact size of the antenna leading to minor bending which results

in only a small effective antenna length alteration. This result implies that the bend-

ing configuration should have a small influence on the impedance bandwidth of both

circularly and linearly polarized modules.

In regards to the axial ratio of the bending antenna, the measured results are plotted

in Fig. 6.36. According to the measurements, the axial ratio at 5 GHz is less than 3

dB and 5 dB for 40-mm and 30-mm bending radii, respectively. This degradation of

the axial ratio bandwidth is not unexpected and can be caused by the changes in the

resonance frequencies and the phase differences of both orthogonal modes [180]. A

similar phenomenon for a bent circularly polarized textile antenna has been reported

in [15]. These findings suggest that the axial ratio of the antenna is still within an

acceptable range with a small bending radius (considering an often quoted relaxed

tolerance of 6 dB). Therefore, the study indicates that the bending effect should still

allow operation of the antenna with slightly degraded axial ratio.

Page 147



6.5 An extended design with detachable shortings

Figure 6.34. Gain of the LHCP antenna in free space and loaded on a phantom. Simulated

and measured realized gain of the antenna loaded with the CP interchangeable module in free space

and loaded on a phantom.

Figure 6.35. |S11| of the LHCP antenna under unbent and bent conditions. Measured

reflection coefficients of the antenna under unbent and bent conditions. The inset shows the bending

test settings. Two bending radii of the antenna have been determined as R = 30 mm and R = 40

mm respectively. The antenna was bent along the y-axis.

6.5 An extended design with detachable shortings

As mentioned in Chapter 5, an efficient, low-loss and reliable shorting strategy is cru-

cial for designing textile antennas which require ground shorting(s) and/or shorting

wall(s). Since commercial metallic snap-on buttons can be employed as detachable
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Figure 6.36. AR of the LHCP antenna under unbent and bent conditions. Measured axial

ratios of the antenna under unbent and bent conditions.

RF connectors for conductive fabrics with satisfactory mechanical and electrical per-

formance, they are one class of the suitable components for shorting realization for

textile antennas. This has been proven in the antenna loaded with the PIFA module,

as discussed in Section 6.3.4. The modularity of the present antenna design can be

further enhanced when detachable ground shorting(s) based on these snap-on buttons

are introduced. To demonstrate this idea in this section, four detachable shortings are

integrated into the common feed base of the modular design, which enables a more

versatile modularity in antenna pattern characteristics. Then a configuration of this

extended design providing interchangeable beam direction is experimentally charac-

terized.

6.5.1 Antenna configuration

The antenna configuration and dimensions are shown in Fig. 6.37. On top of the mod-

ular antenna structure as depicted in Fig. 6.2, four additional male snap-on buttons

are soldered back to back to the four original male buttons embedded in the middle

of the two-layered substrate, to form detachable shortings for the antenna. The two-

layer substrate delivers solid and secure positioning for these four shortings. When

engaged to female button counterparts, the top four male buttons serve as holders for

patch modules whereas the bottom four can be selected to act as engageable shorting

vias to the ground plane. By engaging different male button(s) with female one(s), the

patch module can be shorted at different corners and thus resonate in different modes.
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Therefore modularity in antenna resonance frequency, polarization and beam direction

can be achieved on the basis of the common base structure.
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Figure 6.37. Extended design with detachable ground-shortings. Antenna configuration and

dimensions. (a) Top view. (b) Side view. (c) Configuration: the antenna consists of an interchange-

able radiating patch module and a common base which contains a two-layered substrate, a ground

plane, a microstrip feed and snap-on buttons. Shorting vias are created by engaging female buttons

on the back of the ground plane.
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6.5.2 Configuration with vias

As mentioned, modularity in antenna characteristics can be obtained using various

patch modules and different detachable shorting configurations. For instance, the pro-

posed antenna module resonates in the standard half-wave mode with boresight radi-

ation when no shorting vias are engaged. In contrast, when all four vias are engaged,

the antenna operates in a planar monopole mode with omnidirectional radiation in the

xy-plane [181]. These two configurations can be beneficial for wearable applications

where either on-body or off-body communications are desired [182]. However, for

brevity, only one particular shorting configuration for the patch module is discussed

in this section, namely using shorts at either opposite corners 1 and 3 or 2 and 4 (see

Fig. 6.37a. This configuration leads to the radiation pattern being split into two main

beams pointing along the diagonal plane in between xz- and yz-planes.

With such shorting vias arrangement as shown in Fig 6.38, the patch module resonates

in a mode similar to a magnetic current loop antenna [183], but with electric field nulls

at the two shorted corners, and electric field maximas at the two other corners. Based

on the equivalence principle, the antenna can be approximately considered as two

antiparallel magnetic currents whose highest amplitudes are at the two ungrounded

patch corners. As a result, the antenna possesses two main beams pointing away from

these unshorted corners. Therefore, through interchanging the location of the shorted

corners, the main beam directions can be rotated by 90◦. The 3D radiation patterns

simulated in CST is depicted in Fig. 6.39, for the configuration with shorts at corners 1

and 3. It clearly illustrates the expected two main beams. The resonance frequency of

this particular design is 3.6 GHz which is determined by the length and width of the

patch module. It is worth mentioning that for this demonstration the patch dimension

was unchanged from Table 6.1, but in principle, the geometry is scalable to achieve

other operational frequencies.

6.5.3 Experimental results

To validate the design, a prototype, as shown in Fig 6.40, has been fabricated and ex-

perimentally characterized. Two main modifications from the modular design shown

in Fig. 6.2 are needed. The first modification was soldering one male snap-on button

underneath the original ones individually, with precise back-to-back alignment. The

second modification was cutting four through holes in the bottom substrate and the
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Figure 6.38. Working principle of the proposed configuration. Electric field distribution of the

antenna with engaged shorting vias at corners 1 and 3.

Figure 6.39. Simulated 3D gain pattern of the antenna. The simulated 3D gain pattern of the

proposed antenna.

ground plane, to accommodate and provide enough clearance from the added male

buttons, respectively. To ensure repeatable electrical connection to the ground plane,

the holes trimmed in the ground plane should be smaller than the flat contact area of

the female buttons.

The simulated and measured reflection coefficients of the antenna with shorts at corner

1 and 3 are demonstrated in Fig 6.41 and a reasonable agreement is observed. The

simulated resonance frequency is 3.6 GHz while the measured value is 3.62 GHz. The

small discrepancy can be attributed to the fabrication tolerances.

For the same shorting configuration, the measured antenna radiation patterns at 3.6

GHz in the 45◦-plane (φ = 45◦, 225◦) and 135◦-plane (φ = 135◦, 315◦) in between xz-

and yz- planes are shown in Fig. 6.42. As anticipated, in the 45◦-plane, the two main
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(a) (b) (c)

12

43

Figure 6.40. A realization of the proposed antenna. The antenna realization. (a) Top view.

(b) Bottom view without female snap-on buttons (no shorts to the ground). (c) Bottom view with

engaged female button at corners 1 and 3.

Figure 6.41. |S11| of the antenna with shorts at corner 1 and 3. Measured and simulated |S11|
of the antenna with shorts at corner 1 and 3.

beams are pointing away from the ungrounded patch corners. In contrast, the patterns

in the 135◦-plane are nearly omnidirectional and with a small amplitude, which again

agrees with the expectations of Fig 6.39. Because of symmetry, the radiation patterns

of the configuration with shorts at corners 2 and 4 should be identical, however, with

a 90◦ anti-clockwise rotation.

6.5.4 Summary of the design

The concept of utilizing commercial snap-on buttons as detachable shorting vias has

been implemented together with the modular design. Owing to the utilization of the

modularity and the detachability in the shorting vias, the extended antenna design

opens more possibilities in designing versatile modularities for providing desired an-

tenna radiation characteristics. The design has been validated through experimental
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Figure 6.42. Radiation patterns of the antenna with shorts at corner 1 and 3. The measured

normalized radiation patterns of the antenna in the 45◦- and 135◦-plane at 3.6 GHz. The diagonal

dotted lines on the antenna indicates the 45◦- and 135◦-planes. Corners 1 and 3 were shorted in this

antenna configuration.

characterization of a dual-beam configuration. The good agreement between simu-

lation and measurement demonstrates the validity of using snap-on buttons as de-

tachable shorting vias. It further suggests a concept where simple manual opera-

tions can allow passive reconfiguration of modular textile antenna designs by engag-

ing/disengaging vias.

6.6 Conclusion

In this chapter, a textile modular antenna design for wearable applications has been

proposed utilizing commercial snap-on buttons as mechanical and electrical (RF) con-

nectors. Different textile patch modules can be designed to serve various function-

alities such as variations in antenna resonance frequency, polarization and possibly

beam direction. These modules can be attached to one common proximity-feeding

base consisting of ground plane, substrate and open microstrip line. Therefore, this

antenna design brings advantages such as low manufacture and maintenance cost,

and most importantly, provides a passive way to reconfigure system characteristics for

multi-functional wearable systems. Five modules providing interchangeability in lin-

ear and circular polarization and resonance bands have been designed, manufactured

and experimentally characterized. The measurement results are in very good agree-

ment with simulations. The impact on antenna characteristics due to human body

vicinity and small radius bending have also been investigated and the results indicate
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only an insignificant effect on the reflection coefficient, but some degradations of the

circular polarization, which is notoriously sensitive to geometry variation. In addi-

tion, the idea of using commercial snap-on buttons to realize detachable shorting vias

has been exploited in conjunction with this modular design, resulting in an extended

device which can possibly achieve more versatile modularities. All these findings sug-

gest that the reported wearable modular antenna design brings advantages such as

low manufacturing and maintenance costs, and most importantly, passive and versa-

tile system characteristics modularities.
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Chapter 7

Reconfigurable Wearable
Textile Antenna

T
EXTILEantennas are well suited for wearable applications, since

they can be made flexible, light-weight, electrically and mechan-

ically robust and can be integrated in garments. Additionally,

wearable textile antennas should be immune to the impact of bending and

interactions with the human body. These two features are the most impor-

tant and challenging to achieve, but they are paramount to the system reli-

ability. One can exploit frequency-reconfigurable antenna designs to com-

pensate the effect of loading by the human body and the impact of bending.

However, very limited research on reconfigurable textile antennas has been

reported in the literature, due to the issue associated with the very different

physical properties of the rigid and flexible components.

As evolution of the previous chapter on modular textile antenna, this chap-

ter proposes an idea of reconfigurable modules utilizing commercial snap-

on buttons in conjunction with integrated varactors and a dedicated bias

circuit board. This component can be used to design reconfigurable textile

antennas promoting a secure protection for the rigid electronic circuit com-

ponents combined with a stable and repeatable electrical connection to tex-

tiles. A wearable textile patch antenna using a first design of the proposed

reconfigurable button module is designed. Preliminarily tests of the con-

cept demonstrate a measured 15.1% frequency tuning range. This suggests

that the button module concept is a practical and promising engineering

solution for reconfigurable textile antennas.
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7.1 Introduction

The interest in wearable electronic systems and their development have dramatically

increasing in the last couple of years, both for civil and military applications [2, 112].

As a result, wearable antenna design has become a hot research topic in antenna tech-

nology. Since these antennas are flexible, light-weight and electrically and mechani-

cally robust, conventional metallic materials are no longer suitable due to their very

limited mechanical resilience. Therefore, novel materials including conductive poly-

mers [5, 85], conductive inks [184], threads [8, 12, 16, 139, 160, 185] and conductive tex-

tiles [13–15, 17, 18, 21, 22], have been emerging as the appropriate conductors.

In particular, conductive threads and textiles are two of the most popular conductors

for wearable antennas, since they are highly flexible and conductive, light-weight, ro-

bust, low-cost and garment-integratable. As a consequence, a wide range of wearable

antennas utilizing textile-based materials have been reported in the literature. They

range from narrow band [14, 15] to ultra-wideband [18] in terms of operational fre-

quency, from broadside [13, 31, 122] to omni-directional [31] in terms of radiation pat-

terns, and from planar [139,186] to waveguide-based [21,22] in terms of antenna struc-

ture. Besides these passive antennas, however, only very limited active/reconfigurable

textile antennas [127, 187, 188] can be found in the open literature, even if they are

highly desirable for wearable applications. This is mainly due to the challenges in

achieving reliable textile-to-electronics connections. Reconfigurable antennas can adapt

their radiation characteristics such as resonance frequency and radiation patterns, to

compensate the detrimental impact on their performance introduced by bending, var-

ious environmental conditions like temperature and humidity and interactions with

the human body.

A few reconfigurable antennas have been proposed for wearable applications recently,

however, they all show limitations on wearability attributed to mechanical inflexibility

and/or stability due to the materials and electronic components connection. For ex-

ample, a radiation pattern reconfigurable monopole/loop antenna realized in FR-4 for

a wearable device Fitbit® Flex was proposed by Lee et al. in 2014 [189], as shown in

Fig. 7.1. The antenna features a very solid and stable connection between the copper

conductors and the electronic components through soldering, however, the inherent

mechanical inflexibility of the materials probably restricts the antenna to this Fitbit®

device.
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(a) (b)

Figure 7.1. A rigid reconfigurable antenna for a wearable device. (a) A prototype of a radiation

pattern reconfigurable monopole/loop antenna realized in FR-4 rigid material, worn by a phantom

(b), adapted from [189].

A flexible frequency reconfigurable antenna was reported by Tahir et al. one year

later [187], as depicted in Fig. 7.2. This antenna exhibits very good flexibility by us-

ing textile substrate and copper tape conductor. However, copper tape is not a very

suitable conducting material for wearable devices, as its deformation through external

forces is easily irreversible, which will be detrimental for antenna performance and

stability. It is believed that another main purpose of using coper tape is its possibility

to be soldered, which is necessary to obtain stable connection for the lumped compo-

nents. If a conductive textile were used instead of the copper tape in this design, the

connection between the textile conductors and the lumped components would not be

stable, due to their very different physical properties.

Figure 7.2. A flexible reconfigurable antenna for wearable applications. A prototype of a flex-

ible frequency reconfigurable patch antenna realized in textile and copper tape, adapted from [187].

A radiation pattern reconfigurable textile antenna concept based on metamaterial struc-

ture was proposed by Yan recently [188]. The antenna utilizes felt as substrate and con-

ductive textile as conductor and thus features excellent conformability. The pattern re-

configurability between broadside and omni-directional at the 2.4-GHz ISM band was
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conceptually validated, through testing two prototypes with and without a connection

line which simulate the on and off status of a PIN diode, as shown in Fig. 7.3. One can

expect that it will be very challenging to securely connect an actual PIN diode between

two pieces of fabrics, with reliable and durable performance. Especially when worn by

a human subject, the antenna and its lumped components would have high probability

to experience external forces which will affect the durability of the connections.

Figure 7.3. A reconfigurable textile antenna concept for wearable applications. Two proto-

types of a radiation pattern reconfigurable patch antenna realized in felt and conductive textiles, one

with a textile line connected to the vias holes and the other without, adapted from [188].

As discussed in Chapter 5 and 6, commercial snap-on buttons have been proposed as

detachable RF connectors for wearable textile antennas [54, 55, 57, 58], since these but-

tons have excellent compatibility between electronics and textiles and can offer solid

mechanical and electrical performance [55]. Based on these advantages of snap-on but-

tons, they are proposed in this chapter to be exploited in conjunction with integrated

varactors and a dedicated bias circuit board to realize reconfigurable button modules

for textile antennas. A button module is designed and implemented in a standard

textile patch antenna to obtain a frequency tuning range of 15.1%. This validates the

proposed concept as a practical and promising engineering solution for reconfigurable

textile antennas.
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7.2 Reconfigurable button modules

7.2.1 General concept

The general schematic of the proposed reconfigurable button module concept is de-

picted in Fig. 7.4a, with a diagram of its usage provided in Fig. 7.4b. The button mod-

ule consists of two parts: first, a dedicated circuitry unit integrated in the middle of

the device with a series of lumped components forming a bias circuit; and second,

two male snap-on buttons soldered on top and bottom of the circuit unit which act as

RF connectors for textiles and can be affixed to their female counterparts. Depending

on the antenna design, the bias circuitry may contain DC-blocking capacitor C, active

component such as varactor VC and/or PIN diode, RF-blocking resistor R and RF-

choke inductor L. The main functionality of the dedicated circuit unit is to provide a

compact bias circuitry with robust mechanical protection and soldered connection to

the male snap-on buttons. Two female counterpart snap-on buttons are to be engaged

with these male buttons to deliver a secure mechanical and electrical connection to the

textile materials, as indicated in Fig. 7.4b. It has been proven in Chapter 5 and 6 that

these snap-on buttons can offer repeatable solid mechanical connections with satisfac-

tory RF performance for textile materials. Based on this general module structure, but-

ton modules with dedicated circuitry unit can be designed for different reconfigurable

textile antennas. For instance, one can design a module with a PIN diode instead of

the varactor, to achieve a controllable RF switch rather than a tunable capacitor.

7.2.2 The proposed button module

As a proof of this concept, one button module containing a varactor VC, an RF-blocking

resistor R and an RF-choke inductor L, is designed and implemented to realize a fre-

quency reconfigurable textile patch antenna for wearable applications. The schematic

circuit diagram and a prototype of the designed button module are shown in Fig. 7.5a

and b, respectively. By applying different reverse DC bias voltage through the RF-

blocking inductor and resistor, the varactor linking two male buttons will have dif-

ferent capacitance accordingly and thus act as a reconfigurable RF circuit for antenna

designs.
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Figure 7.4. General schematic and usage diagrams of the button module concept. (a) General

schematic and (b) usage diagrams of the proposed button module concept, where C, VC, R, L are

DC-blocking capacitor, varactor, RF-blocking resistor and RF-choke inductor respectively. These

components may be loaded on a dedicated circuit unit. The dedicated circuitry unit is soldered with

two male snap-on buttons on its top and bottom surfaces for textile connection. The button module

is to be engaged with two female snap-on buttons for secure connection with textile materials.

Figure 7.5. Schematic diagram and a prototype of the button module designed. (a) The

schematic diagram and (b) a prototype of the proposed button module as a proof of concept, where

VC, R and L are varactor, RF-blocking resistor and RF-choke inductor, respectively. Two male

snap-on buttons are soldered on the dedicated circuitry unit for textile connection.

Two 3D exploded configuration figures of the circuitry unit are illustrated in Fig. 7.6.

The circuitry unit contains a cover and a ring made of copper and a circuit board real-

ized in Rogers RT/Duroid® 6035HTC with a thickness of 254 µm. The cover serves as

a mechanical protection and electromagnetic shielding for the bias circuitry whereas

the ring provides the required module thickness to fit the design. It is noted that the
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minimum ring thickness is limited by the highest lumped component thickness. A

hole with a width slightly smaller than the DC wire diameter is trimmed in the ring

to accommodate the wire and act as a stress relief for the bias contacts. The chosen

commercial snap-on buttons are shown in Fig. 7.7, which have appropriate size for the

antenna design at microwave frequencies.

Figure 7.6. The circuitry unit configuration of the proposed button module. (a) Top and

(b) bottom 3D exploded views from CST of the circuitry unit of the proposed button module.

The circuitry unit consists of a copper cover, a copper ring and a circuit board realized in Rogers

RT/Duroid® 6035HTC.

Figure 7.7. The chosen snap-on buttons and their dimensions. Geometries and dimensions

(mm) of the commercial snap-on buttons chosen for the button module: (a) male and (b) female

snap-on button.

The circuit board geometry and its prototype with lumped components loaded are

shown in Fig. 7.8a and b, respectively. The diameter of the circuit board is 5.8 mm

which is slightly larger than that of the male button base as depicted in Fig. 7.7a, for

ease of fabrication. Surface-mount lumped components are selected due to the very

limited space available in the design. As shown in Fig. 7.8a, there is a vias hole in the

circuit board to form an electrical connection between the circuit board bottom metal
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layer and the varactor. The outer circular conductor is used for soldering the ring. A

wire used for supplying DC bias voltage will be connected to the inductor.

Figure 7.8. Geometry and component-loaded prototype of the circuit board. (a) The geometry

and (b) a prototype with lumped components loaded of the circuit board designed for the proposed

button module.

The fabrication process of the button module is straightforward. Firstly, lumped com-

ponents, a pre-made copper ring, a wire and a copper cover are sequentially soldered

onto the circuit board. Following that, two male snap-on buttons are soldered to the

top and bottom surfaces of the circuitry unit. At this stage, the button module is ready

for use. Figure 7.9 shows different phases of the module fabrication process. The sta-

tus of the module fabrication shown in Fig. 7.9a was just before the bias line wire was

about to be soldered to the circuit board. The next picture in Fig. 7.9b illustrates a cir-

cuitry unit with one male button soldered on its top while the completed module is

shown in Fig. 7.9c. One can observe that the module is very compact and solid. The

circuitry is protected between the buttons, and a solid connection to textile is easily

realized with the snap-on buttons.

7.3 A frequency-reconfigurable antenna

A frequency reconfigurable textile antenna using the proposed button module is de-

signed to validate the module concept. The chosen design is adapted from the modular

antenna design discussed in the previous chapter. It is emphasized that the proposed

antenna is only realized for a prompt proof-of-concept validation, and thus the reso-

nance frequency was arbitrarily chosen. More elaborate designs will be the subject of

further research work in the near future.
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Figure 7.9. Different phases of the button module fabrication. Different phases of the button

module fabrication: (a) The bias wire is ready for soldering onto the circuit board, (b) a male snap-on

button is soldered on top of the circuitry unit and (c) the completed button module.

7.3.1 Antenna configuration

The configuration of the antenna is illustrated in Fig. 7.10 while the dimensions are

given in Table 7.1. The antenna is a proximity coupled microstrip patch antenna re-

alized in silver fabrics and flexible low-loss foams, similarly as used in the modu-

lar antennas presented in the last chapter. The device contains a two-layer substrate

which has its bottom backed by a ground plane and a patch attached to its top sur-

face, whereas a 50-Ω open-end microstrip feed line is affixed in between. The center

slot is introduced to obtain an extra design freedom for the resonance frequency. The

proposed button module is embedded in the substrate located at the patch top edge

and connects the patch and the ground plane by engaging with two female counter-

parts. By adjusting the reverse bias voltage applied to the varactor, the capacitance of

the varactor changes and so does the capacitance of the patch edge. As a result, the

effective electrical length and therefore the resonance frequency of the patch can be

continuously altered accordingly. A similar reconfigurable antenna concept has been

proposed in 1983 [190].

Since the patch has no electrical short to other parts of the antenna and hence exhibits

a floating voltage potential, the bias circuit does not require the DC-blocking capaci-

tor which is shown in Fig. 7.4. A 1 MΩ resistor, a 100 nF inductor and a Skyworks®

SMV1255 varactor are chosen as the components. The varactor can have a maximum

reverse bias voltage of 15 V, however, only the capacitance information with reverse

voltage from 0 to 8 V is given in the datasheet, namely from 81.21 to 4.26 pF.
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Figure 7.10. The proposed reconfigurable antenna configuration. The proposed antenna

consists of a patch, an open-end microstrip proximity coupled feed, a ground plane and a two-layered

substrate. The proposed button module is embedded in the substrate located at the patch top

edge and connects the patch and the ground plane by engaging with two female buttons. Through

applying a variable DC bias voltage to the varactor in the module, the resonance frequency of the

antenna can be tuned continuously.

The simulated electric field distributions of the antenna at the lowest and highest res-

onance frequencies are demonstrated in Fig. 7.11a and b, respectively. These results
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Table 7.1. Dimensions of the reconfigurable antenna. Dimensions of the proposed reconfigurable

antenna in mm.

Parameters W1 W2 W3 W4 S L1 L2 L3 L4 h

Value (mm) 45 19 13 6.5 10.3 45 23 11 18 3.2

indicate that the antenna resonates at its TMz
010 mode, and that the lowest and high-

est resonance frequencies at 3.7 and 4.1 GHz correspond to the longest and shortest

effective electrical length of the patch, respectively.

Figure 7.11. The simulated electric field distributions of the proposed antenna. The simulated

electric field distributions of the antenna at (a) the lowest (3.7 GHz) and (b) the highest resonance

frequencies (4.1 GHz).

7.3.2 Proof-of-concept experimental results

An antenna prototype has been fabricated and tested, however only in preliminary

proof-of-concept measurements due to the very limited time available at the end of

the candidature. Figure 7.12 shows the front and back views of the fabricated antenna

prototype.

The simulated and measured reflection coefficients with various varactor capacitances

are compared in Fig. 7.13. The simulation results are obtained individually from CST

with values of 81.21, 13.40, 5.58 and 4.26 pF set for the varactor capacitance. The actual

|S11| parameters of the prototype antenna are measured, with the required voltages of

0, 2.5, 4 and 8 V applied for obtaining the corresponding capacitances. The simulation

results show that the resonance frequencies varies from 3.72 to 4.15 GHz with the ca-

pacitances changed from 81.21 to 4.26 pF, which corresponds a 10.5% frequency tuning
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Figure 7.12. An antenna prototype. (a) The front and (b) the back views of an antenna prototype.

range. In contrast, the measured results exhibit a wider tuning range within the range

of voltages applied. The measured reflection coefficient with the maximum applicable

reverse voltages of 15 V is plotted in Fig. 7.13 as well, indicating a 15.1% frequency

tuning range from 3.77 to 4.38 GHz. The tuning range can be improved by using a

varactor with a more appropriate capacitance range with low internal resistance.

Figure 7.13. Simulated and measured |S11| parameters of the proposed antenna. The sim-

ulated and measured reflection coefficients of the proposed antenna. The simulated values are

obtained from CST with varactor capacitances set to 81.21, 13.40, 5.58 and 4.26 pf, respectively.

Based on information from the varactor datasheet, reverse voltage of 0, 2.5, 4, 8 and 15 V is applied

to obtained the measured values.
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Since the measured results exhibit a different resonance frequency shift compared to

the simulated ones, this implies an effect from fabrication tolerance and/or variation

in the button module reactance. In addition, the measured values have a wider shape

of the resonance responses and this could be indicative of a higher loss in the antenna

prototype which is likely due to the varactor (e.g. there might be an underestimated in-

ternal resistance). All these factors need further investigation. Nevertheless, excellent

textile-to-module connection and stable antenna performance during the reflection co-

efficient measurement scheme have been observed. This suggests that the button mod-

ule concept is a practical and promising engineering solution for reconfigurable textile

antenna designs.

7.4 Conclusion

This chapter has presented a reconfigurable button module concept for textile anten-

nas. This component has a compact structure and is built from the combination of com-

mercial snap-on buttons and integrated dedicated active circuitry unit. The attractive

advantages of this module concept, towards ”smart” reconfigurable textile antennas,

include the secured and solid connection solution for flexible textiles and rigid elec-

tronics. This concept can dramatically increase the versatility of the various modules

functionality. A frequency reconfigurable antenna based on a dedicated button module

has been designed and subjected to a preliminary test. The measured results suggest

that this button module concept is a practical and promising engineering solution for

reconfigurable textile antennas, although further improvements might be required and

will be investigated in future work.
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Chapter 8

Wearable Microstrip
Antenna Array

M
ICROSTRIP patch antennas are generally very appro-

priate for wearable applications, since they are compact,

low-profile, and more importantly, electromagnetically

isolated from the human body due to the ground plane. Therefore, various

microstrip patch antennas and arrays designed for wearable applications

have been reported in the literature. In particular, arrays are usually for

applications that require high gain antennas and they are expected to be as

compact as possible due to the limited real estate of human body.

This chapter presents a novel concept of a compact and high-efficiency

series-fed microstrip antenna array for wearable applications. A circular ar-

ray arrangement delivers a compact structure while the efficient coupling

mechanism permits high antenna efficiency. This dual-port array can ra-

diate waves with LHCP or RHCP if one the ports is fed whereas if both

ports are excited simultaneously with proper amplitude and phase differ-

ence then arbitrary polarization can be achieved. Experimental validations

in free space and worn on a torso phantom suggest that this compact ar-

ray design is highly efficient and has insignificant performance degradation

when operating placed on the human body.
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8.1 Introduction

Microstrip patch antennas [10, 11, 13, 31, 120–123] and arrays [42, 191] are very com-

monly utilized for wearable wireless communication systems. This is because they

exhibit desired features such as compactness, low profile, low cost and light weight,

and more importantly, have excellent electromagnetic isolation from the human body

in wearable applications owing to the presence of their ground plane. In particular,

microstrip patch arrays are frequently utilized in applications that require high gain

antenna(s), since their multiple radiating elements can offer higher gain compared to

single antennas, at the cost of larger antenna areas and more complicated feeds.

A typical wearable microstrip patch antenna array designed for integration into a

rescue-worker’s vest was proposed by Scarpello et al. in 2012 [42]. The antenna array

configuration and its hosting vest worn by a human object are shown in Fig. 8.1. The

vertically aligned array has four patch elements and each of them is fed by a coaxial

cable individually. This feed structure is a straightforward design, however, it requires

a set of accessories including four coaxial cables, a cable stretcher and a RF power di-

vider, which makes it cumbersome and thus not conveniently wearable. In contrast, a

simpler feeding mechanism is employed in a series-fed textile microstrip array which

can be used for wearable applications, as depicted in Fig. 8.2. The array also has four

elements which are fed in series by a single microstrip line. Due to this common feed-

ing microstrip line, the feed structure provides a less obtrusive solution compared to

the previous one. These two typical array designs illustrate two possible arrangements

for feeding microstrip arrays, namely, corporate-feed network in the first design and

series-feed network in the other one [192]. Compared with corporate arrangements,

series-feed networks have the benefits of simplicity, which can translate into low-loss,

low-cost and light-weight feeding structures which are preferable for wearable appli-

cations [193].

In terms of coupling mechanisms for series-fed arrays, they can be categorized into di-

rect and aperture couplings [192]. Arrays based on direct coupling include for example

cascaded patch arrays [194–197] and comb-line antennas [193,198–201]. As opposed to

aperture coupling [202–204], direct coupling usually requires a simpler coplanar struc-

ture rather than a multilayer platform. Proximity coupling is another possible mecha-

nism which also can be implemented in coplanar configuration. Additionally, with no

electrical connection between array elements and feed line, this arrangement can lead

to a better matching, since impedance variations introduced by the radiating elements
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Figure 8.1. A wearable microstrip patch array. A wearable microstrip patch array integrated on

a garment worn by a human object, adapted from [42].

Figure 8.2. A textile microstrip patch array. A microstrip patch array realized in conductive and

dielectric textiles, adapted from [191].

on the feed line can be finely controlled and made smaller than in the case of the di-

rect coupling. However, only a few series-fed arrays based on a coplanar proximity

coupling mechanism [205, 206] have been reported in the literature.

An important design consideration in series-fed arrays is the matched termination re-

quired to avoid reflection at the end of the antenna. Additionally, because of the gener-

ally weak coupling, a trade-off is required between antenna efficiency (including losses

in the termination) and overall size. That is, higher antenna efficiency is achievable at
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the cost of increasing the number of radiating elements which will result in a larger

antenna size [200]. Therefore, designing a high-efficiency antenna with less array el-

ements is a challenging task, which is especially desirable for wearable applications

where limited real estate is available. For instance, an 8-GHz linear array in [200] needs

to have 12 elements, spaced by a wavelength, to achieve a 60% efficiency. A 10-GHz

circular array reported in [202] requires 8 patches to deliver a 75% efficiency without

considering the materials losses. Since this array is based on aperture coupling mech-

anism, the antenna size is not compact due to its multilayer structure even if a circular

array arrangement was used. One well-known solution that can address this issue is

to increase coupling strength between the feed line and the elements [192].

This chapter demonstrates a concept of compact and highly-efficient circular travel-

ling wave series-fed microstrip patch array, which can be used for, but is not limited

to, wearable applications. The patch elements are excited by a microstrip line through

coplanar proximity coupling. The dual-port feeding with sufficient inter-port isolation

(transmission coefficient |S21| below -15 dB) allows to select the direction of the trav-

elling waves, and consequently the circular polarization handedness of the patches.

Simultaneous feeding to both ports with proper amplitude and phase difference can

result in radiated waves of arbitrary polarization. Owing to the circular array arrange-

ment and the strong proximity coupling, the antenna exhibits a compact structure and

achieves a high antenna efficiency of 90% with 7 patches. Based on reciprocity, the

antenna can readily be also utilized for polarimetry applications for which the signal

amplitude at each port is proportional to the amplitude of each individual handedness.

Measured results of an antenna prototype working at 10 GHz successfully validate the

concept both in free space and worn by a torso phantom. It is emphasized that the

antenna array can be scaled to other frequency band if necessary, for example the 5.8-

GHz ISM band which is widely used for wearable applications. The 10 GHz X band

was arbitrarily selected for the design validation.

8.2 Array design

8.2.1 Antenna configuration

The proposed antenna configuration and a realization are shown in Fig. 8.3 while the

dimensions are listed in Table 8.1. This 10-GHz two-port array consists of a circular

microstrip feed line with tapered terminals and 7 circular patch elements at the top
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layer, and a ground plane at the bottom layer. The circular array geometry with patch

elements lying inside the feed line can miniaturize the antenna size by around 20%,

compared to a similar array with its elements outside of the feed line. A 0.79-mm thick

Rogers RT/Duroid® 5880 substrate with relative permittivity εr = 2.2 and loss tan-

gent tan δ = 0.0009 is chosen as the antenna material. The feed line and the patches are

patterned on the top cladding layer with a laser milling machine whereas the bottom

cladding layer acts as the ground plane. All simulations shown in the following were

performed with CST.
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Figure 8.3. The proposed antenna configuration and realization. (a) Overall configuration, (b)

patch element geometry, (c) feed-line-to-element gap and (d) a realization of the proposed antenna.

The antenna includes a circular two-port microstrip feed, 7 identical circular patches and a ground

plane. The circular microstrip feed line has two tapered ends connected to coaxial ports 1 and 2.

The patches are aligned along the inner feed line edge with a 45◦ angular separation, or equivalently

l = πR1/4.

The individual patches progressively couple and radiate a fraction of energy from the

guided wave travelling on the feed line from one port to the other. Provided their equal
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Table 8.1. The array dimensions. Dimensions of the proposed antenna array in (mm)

L1 L2 L3 R1 R2 G W1 W2 W3 W4 W5 W6

63.0 7.5 2.9 24.1 5.3 0.06 63.0 9.7 2.3 1.4 0.8 0.6

coupling strength, the absolute radiated power from each patch will decrease over the

line length. This can be illustrated by the magnitude of the surface current density J

on the microstrip line at the closest point to each patch. The surface current density is

calculated based on the simulated magnetic field H using the following relation

J = n̂ × H, (8.1)

where n̂ is the unit vector normal to the microstrip line surface. Since the simulated

magnetic fields are expressed based on the coordinate system (x, y) shown in Fig. 8.3a,

a ration of axes needs to be applied to elements which are not aligned along the prin-

ciple x and y axes, i.e. for all elements except the top one. This is required in order

to find out the component of the current density tangential to the feeding line at the

observation point. For instance, for the first element from port 1, a 45◦ or -45◦ axes

rotation can be implemented to map the original coordinates (x, y) to the new ones (x′,

y′), that is
[

x′

y′

]

=

[

cosθ sinθ

−sinθ cosθ

] [

x

y

]

, (8.2)

where the rotation angle θ = 45◦ or -45◦ so that the y′ or x′ components represent

the tangential current density, respectively. An illustration of the rotation of θ = 45◦

is shown in Fig. 8.4. The calculated magnitude and phase of the current density are

shown in Fig. 8.5.

The array can also be interpreted as a periodic leaky-wave antenna, however with res-

onant perturbations. These elements resonate at the fundamental mode with circular

polarization intrinsically generated by the travelling wave excitation. Figure 8.6 shows

instantaneous current maps for one of the patches at two different times chosen in

phase quadrature, and illustrates that, as the travelling wave propagates clockwise, the

antenna resonates in its TMz
110 mode with RHCP, as governed by the Lenz’s Law. Thus

excitation of port 1 at the nominal frequency will result in broadside radiation with

RHCP, whereas excitation of port 2 will yield LHCP. The dual-port array is designed

to have sufficient port isolation with transmission coefficient |S21|< -15 dB. An initial
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Figure 8.4. A rotation of axes with θ = 45◦. A rotation of axes with θ = 45◦ is implemented to

align the new y′ axis to the surface current density component which is tangential at the observation

point.

Figure 8.5. Phase and magnitude of the surface current density. Phase and magnitude of the

surface current density calculated based on simulated magnetic field on the feed line at the closest

points to each patch.

patch radius R2 can be calculated using a standard equation for circular patches [175]:

f110 ≈ 1.8412

2πR2
√

εr
√

ε0µ0
, (8.3)

where f110, εr , ε0 and µ0 are the TMz
110 resonance frequency, relative permittivity of the

substrate, free-space permittivity and free-space permeability, respectively. An optimal
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value can be then obtained through full-wave simulation. A slot is introduced in the

middle of the patch to provide an additional degree of freedom for optimization of the

circular polarization bandwidth.

The patches need to be in phase to achieve broadside radiation and they are placed

along the feed line with a 45◦ angular rotation determined by the number of elements.

To obtain the in-phase condition, the separation between adjacent patches along the

microstrip line l is set based on the following rule:

l = λg −
λg

8
, (8.4)

where λg is the guided wavelength on the feeding line. The λg/8 term is included

to compensate the +45◦ phase difference between two neighbouring elements due to

their relative orientation. The phase of the surface current density shown in Fig. 8.5

indicates that the phase between subsequent points is reasonably linear as expected.

However, a small variation in element phase is observed and this is due to mutual cou-

pling between the closely located patches. Nevertheless, by individually manipulating

the gap G between the feed line and the patches (see Fig. 8.3c), a more synchronous po-

larization state in the array could be achieved at the cost of higher design complexity,

however, only with a very marginal improvement in antenna performance. Hence the

proposed array is designed with a constant G which makes it a good compromise of

simplicity and performance, as discussed in the following.

�ave travelling direction ������������ ������on direction
(a) (b)

Figure 8.6. Simulated absolute current strength colourmap of one patch. Simulated absolute

current strength colourmap for a patch element and part of the feeding line at two different times

corresponding to quadrature phases. (a) Phase = 50◦. (b) Phase = 140◦.
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8.2.2 Control of coupling strength

In order to achieve high antenna efficiency and sufficient operational bandwidth with

a small number of array elements, a small G is required to enhance the proximity cou-

pling, and thus the rate of energy radiation along the line [192]. To demonstrate that,

a parametric study of G associated with antenna efficiency and bandwidth (transmis-

sion coefficient |S21| below -15 dB) has been conducted using CST, as shown in Fig. 8.7

and 8.8 respectively. As expected, with a larger G, a lower antenna efficiency and a nar-

rower operational bandwidth is observed. Namely, with G = 0.06, 0.08, 0.12, 0.20 and

0.30 mm, the antenna total efficiency and operational bandwidth (etot, BW) are (93%,

5.1%), (91.5%, 4.3%), (90.5%, 2.7%), (87.3%, 0%) and (82.5%, 0%), respectively. This is

mainly attributed to the fact that the coupling between the line and the elements is

reduced, leading to a larger power being transferred to the load.

Figure 8.7. Total antenna efficiency comparison over different G. Simulated total antenna

efficiencies when G = 0.30, 0.20, 0.12, 0.08 and 0.06 mm, respectively.

In principle, the gap could be used to equalize the excitation of the elements. Nev-

ertheless, this increases the complexity of the design for a marginal improvement of

performance. In addition, as the antenna is designed to operate in both senses of po-

larizations, so the gap size has to be pair-wise equal from the feeds. Assuming equal

gap size now, the minimum G is practically set by the antenna materials and the fab-

rication accuracy. A width of 60 µm for G is selected here based on the fabrication

limitation of the available laser milling machine (LPKF: Protolaser S). As mentioned,

G can be fine-tuned to individually manipulate the element excitation but should be

pair-wise equal from the feed to maintain symmetry for the dual feeding design.
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Figure 8.8. Antenna operation bandwidth comparison over different G. Simulated antenna

transmission coefficients when G = 0.30, 0.20, 0.12, 0.08 and 0.06 mm, respectively. The antenna

operation bandwidth is the frequency range that the transmission coefficients are below -15 dB.

In addition, the coupling strength can also be enhanced by narrowing down the feed

line width since this will lead to more pronounced fringing field. To demonstrate this

feature, simulated power components related to radiation, reflection and transmission

for the antenna with feed line width of 0.8 mm and 2.4 mm are plotted in Fig. 8.9, with

normalization to the input power. Materials losses are not shown here, because they

are small and nearly identical for the two antennas with different line widths (varia-

tions < 0.2% of the input power). The results in Fig. 8.9 confirm a stronger coupling for

the narrower line width since more power is radiated, and consequently less power is

transmitted to the second port. Additionally, the maintained reflection level suggests

that the impedance matching is nearly unchanged. A line width of 0.8 mm has been

found to be appropriate for the design, since it offers a satisfactory coupling efficiency

with an easy-to-match impedance of approximately 93 Ω. The two tapered microstrip

lines sections are included at the input ports to minimize reflections due to discontinu-

ities between the 50 Ω coaxial ports and the main feed line.

8.3 Experimental results

8.3.1 Reflection and transmission coefficients

An antenna prototype (Fig. 8.3d) has been fabricated and experimentally characterized

to validate the design. As illustrated in Fig. 8.10, the simulated and measured reflection
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Figure 8.9. Radiated, reflected and transmitted power components comparison. Normalized

power components associated with antenna radiation, reflection and transmission as calculated based

on simulation, for the antennas having feed line width of 0.8 and 2.4 mm.

and transmission coefficients for the antenna show a good agreement. The antenna op-

erational bandwidth is defined as the band where the measured reflection coefficients

(|S11| and |S22|) are below -10 dB and the transmission coefficients (|S21| or |S12|) are

below -15 dB. This bandwidth is shown as the shaded area in Fig. 8.10 and extends

from 9.75 to 10.3 GHz (5.5%). Other minima appearing in |S11| at 8.3, 9 and 11 GHz are

due to standing waves. Nevertheless, it is clear from the figure that the main limitation

arises from the specification on the transmission coefficient. In this bandwidth, there is

no more than 5% input power reflected and less than 3.2% input power transmitted to

the other port, respectively. This indicates that most of the input power is radiated con-

sidering that material losses are low at this frequency. In particular, the specification

that |S21| and |S12| < -15 dB implies sufficient port isolation, which makes this antenna

suitable for applications in dual-port systems that require both LHCP and RHCP op-

eration. Through reciprocity, the antenna can be used for polarimetric detection as it

separates an incident wave in its circular polarization components.
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Figure 8.10. Simulated and measured |S11| and |S22| of the array. Simulated and measured

reflection coefficients and transmission coefficients of the antenna. The shaded area is the operational

bandwidth, defined at |S21| = |S12| < −15 dB.

8.3.2 Radiation patterns

The measured and simulated 10 GHz normalized radiation patterns in the xz- and

yz- planes for the antenna fed at one port with the other one terminated are shown

in Fig. 8.11. Good consistency between simulation and measurement is attained. The

antenna features a 3-dB beamwidth of around 35◦ and 32◦ in the xz- and yz-planes,

respectively. This type of radiation patterns is typical for circular arrays whereas fan

beam patterns are expected for linear arrays. The side lobe-level is less than -10 dB, ac-

ceptable for general applications and can be further improved through manipulation

of the individual element amplitude [175]. In the boresight direction, the co-polarized

component is approximately 20 dB higher than the cross-polarized one. This confirms

satisfactory circular polarization performance. These radiation patterns clearly indi-

cate that one-port feeding at port 1 or port 2 can generate waves of RHCP or LHCP,

respectively.

The circular polarization characteristic can also be characterized across the bandwidth

by the axial ratio (AR) measurement. As compared in Fig. 8.12, the simulated and

measured boresight AR of the antenna with port 2 terminated are consistent. The 3-

dB AR bandwidth ranges from 9.66 to 10.66 GHz (10%) which covers the previously
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Figure 8.11. Simulated and measured radiation patterns of the array. Simulated and measured

10-GHz normalized radiation patterns in the xz- and yz-planes of the antenna fed at one port with

the other one terminated.

defined antenna operational bandwidth (the shaded area in Fig. 8.10) with a nearly

50% margin.

Figure 8.13 plots the simulated and measured 9.8, 10 and 10.2 GHz AR results over

θ in the xz-plane with shaded area of 35 degrees (the 3-dB beamwidth). Figure 8.14

shows the ones in yz-plane, with shaded area of 30 degrees (the 3-dB beamwidth). As

observed, the simulated 3-dB AR beamwidth are all greater than 35◦ for these three

frequencies (except 9.8 GHz in yz-plane). The measured 9.8, 10 and 10.2 GHz AR in

the xz-plane is approximately 45, 25 and 50+ degree, respectively. In the yz-plane, the

measured AR beamwidth for 9.8, 10 and 10.2 GHz is around 27, 40 and 32 degree,

respectively. The discrepancy can be attributed to the fabrication tolerances and mea-

surement error. The results indicate that the prototype can maintain 3-dB AR over a
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wide beamwidth of about 30◦, overlapping with its 3-dB beamwidth. A very similar

axial ratio is obtained when port 1 is terminated.

Figure 8.12. Simulated and measured boresight axial ratio. Simulated and measured boresight

axial ratio of the antenna with port 2 terminated. The shaded area corresponds to the operational

bandwidth defined in Fig. 8.10.

8.3.3 Gain and efficiency

The simulated and measured realized gains of the antenna with port 2 terminated are

depicted in Fig. 8.15. A good correspondence between these two results is observed.

The measured realized gain is maintained between 11.5 and 13.5 dB within the opera-

tional bandwidth and the discrepancy from simulation is most likely due to imperfect

measurement. By increasing the number of patches, the array can achieve a higher

gain, however, at the cost of an increase in sidelobe level. To obtain the simulated to-

tal antenna efficiency etot, the reflection and transmission coefficients, the power losses

due to the antenna metallic (Pm) and dielectric materials (Pd) and the input power at

the port (Pin) in simulation are used based on the following relation:

etot = 1 − |S11|2 − |S21|2 − Lm − Ld, (8.5)

where Lm = Pm/Pin and Ld = Pd/Pin are the normalized power losses due to met-

als and dielectrics respectively. As such, the total efficiency accounts for the insertion

loss due to the feed line. As illustrated in Fig. 8.15, the simulated total efficiency ranges

from 87% to 93% and has an averaged value of 92.3% in the operation bandwidth. Since
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Figure 8.13. Simulated and measured axial ratio over θ in the xz-plane. Simulated and

measured axial ratio over θ in the xz-plane, with the antenna port 2 terminated. The shaded area is

the 3-dB beamwidth in the considered plane which amounts to 35◦, as shown in Fig. 8.11.
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Figure 8.14. Simulated and measured axial ratio over θ in the yz-planes. Simulated and

measured axial ratio over θ in the yz-plane, with the antenna port 2 terminated. The shaded area is

the 3-dB beamwidth in the considered plane amounts to 30◦, as shown in Fig. 8.11.
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the measured and simulated S-parameters have only approximately 2.2% discrepancy

and both simulated and measured realized gain are very close, the actual total effi-

ciency of the prototype should be around 90%. The high performance is attributed to

the efficient feed-line-to-element coupling.

Figure 8.15. Realized gain and total efficiency of the array. Simulated and measured realized

gain and simulated total efficiency of the antenna.

8.3.4 Human impact

As the proposed antenna is expected to be used for wearable applications, it is neces-

sary to verify the impact on the antenna performance for operation in the vicinity of a

human body. Hence, as shown in Fig. 8.16, an array prototype was attached to a torso

phantom and subjected to experimental characterization in regard to S-parameters,

AR, radiation patterns and gain.

In the antenna S-parameters measurement, the results in free space and worn by the

phantom have nearly no difference. Figure 8.17 shows the measurement of |S22| and

|S12| in these two scenarios where only very small variations are observed in the op-

erational bandwidth. As expected, very similar observations are made for the |S11|
and |S21| measurements which are not shown for simplicity. This consistent behavior

is attributed to the electromagnetic isolation from the human body arising from the

antenna ground plane.

The next measurement is the boresight AR and the results are compared in Fig. 8.18.

The results for the antenna worn on the torso yield a 0.7 to 1.5 dB higher AR than the

ones in free space within the operation band, this small discrepancy is not unexpected
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Figure 8.16. An antenna prototype attached to a human phantom for testing. An antenna

prototype is attached to a torso phantom for experimental characterization.

Figure 8.17. |S22| and |S12| of the antenna in free space and loaded on the phantom.

Reflection coefficient comparison of the antenna with port 2 terminated in free space and loaded on

the phantom.

when a very lossy dielectric, namely the human phantom, is in proximity. Even if the

measured AR is slightly over 3-dB in part of operational frequency range, it still can

operate satisfactorily in most scenarios.
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Figure 8.18. Boresight AR of the antenna in free space and loaded on the phantom. Boresight

axial ratio of the antenna with port 2 terminated in free space and loaded on the phantom.

Figure 8.19. Antenna radiation patterns in free space and worn by the phantom. Measured

normalized radiation patterns of the antenna with port 2 terminated in free space and loaded on the

phantom.

The measured radiation patterns in the xz- and yz-planes are shown in Fig. 8.19. When

compared to the patterns in free space, insignificant impact on the xz pattern and a nar-

rower beamwidth in the yz plane are observed for the on-body results. This might be

due to the different curvatures of the phantom in the vertical and horizontal directions

at the antenna loading position. In addition, because of the presence of the phantom,
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the back radiations of both co- and cross-polarization components in the two planes

are reduced significantly in the experiment due to the shadowing from the body.

The simulated and measured realized gain in free space are compared with the one

measured with the phantom in Fig. 8.20. From the plot one can observe that the gain

variation between the loaded and unloaded cases is not greater than 1 dB, which indi-

cates that the phantom influence on the antenna gain is very limited. Together with the

other results discussed above, the antenna performance degradation due to the vicin-

ity of the torso phantom (human body) is not significant, due to the isolation provided

by the ground plane.

Figure 8.20. Gain of the LHCP antenna in free space and loaded on the phantom. Simulated

and measured realized gain of the antenna loaded with the CP interchangeable module in free space

and loaded on the phantom.

8.4 Conclusion

A travelling wave series-fed microstrip patch array has been proposed for wearable

applications. The two-port array exhibits a compact structure and a high antenna effi-

ciency of around 90% averaged over its operational bandwidth, owing to the circular

array configuration and the strong proximity coupling. These are desirable antenna

characteristics for wearable antennas. This antenna can be employed as a dual-port an-

tenna to selectively generate RHCP or LHCP waves. With its sufficient port isolation,

the antenna can also be used for arbitrarily polarized wave generation or polarimetry
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applications, through controlling or detecting the relative amplitude and phase of the

two orthogonal inputs. An antenna prototype has been fabricated and experimentally

characterized with and without a torso phantom. The good agreement between simu-

lation and experimental results has validated the design and confirmed its insignificant

degradation in performance due to human body. This novel array design can be used

for wearable applications such as positioning and direction finding.
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Chapter 9

Wearable Dielectric
Resonator Antenna

D
IELECTRIC resonator antennas (DRAs) have been exten-

sively investigated since the last three decades, as they are

highly promising for wireless communications due to their

high radiation efficiency and design versatility. These antennas can be

made compact with various shapes and aspect ratios. Additionally, they

have wide impedance bandwidth and/or wide beamwidth, and thus they

can be attractive antennas for wearable applications where these antenna

characteristics are desirable. However, only very limited investigations on

wearable applications of DRAs have been reported in the literature, and one

of the main barriers is their inherent physical rigidity which significantly re-

duces the wearability. To resolve this problem, it is proposed to combine the

use of flexible dielectric and conductive materials to realize DRAs.

This chapter presents a non-metallic flexible DRA realized with a mixture

of PDMS and ceramic powder and proposed for wearable applications.

This antenna is excited by a microstrip patch whose conductor is made of

graphite paper while its substrate is realized with the ceramic-PDMS mix-

ture. A prototype of the antenna is fabricated and subjected to experimen-

tal characterization. The good agreement between simulation and mea-

surement indicates that, this non-metallic flexible antenna exhibits wide

impedance bandwidth and broad beamwidth which make it very promis-

ing for wearable applications.
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9.1 Introduction

Since the first implementation of a cylindrical dielectric resonator antennas (DRA) and

its systematic study conducted by Long et al. in 1983 [207], interest in DRAs of various

geometries have been steadily increasing due to their attractive antenna characteristics.

These features include high radiation efficiency due to the low inherent conductor loss,

geometrically flexibility in shape and aspect ratio, relatively wide bandwidth, simple

feeding schemes and versatile radiation characteristics by mode selection [208, 209].

Therefore, these antennas are highly promising for a wide variety of wireless commu-

nications systems in the microwave and the millimetre-wave regions [210]. In partic-

ular, DRAs can be suitable for wearable applications such as RFID-based and wireless

body area network (WBAN) systems. This is because these systems generally require

very diverse antenna designs in terms of geometry, bandwidth and radiation charac-

teristics, to cater for different body positions and environmental conditions. Especially

the design versatility of DRAs in terms of geometry and radiation characteristics open

new possibilities for adaption to various body physical and electromagnetic condi-

tions, while their relatively wide bandwidth offers high tolerance to changing condi-

tions. However, only a very limited number of research works on wearable DRAs have

been reported in the literature [43–45, 211, 212]. One of the main reasons is believed to

be the mechanical inflexibility of these antennas which significantly deteriorates their

wearability. Hence this is a primary antenna engineering problem to solve for this

particular application.

The very first DRA proposed for wearable applications to the author’s knowledge,

was from Almpanis et al. who introduced a truncated conical design working from

3 to 5 GHz with a small ground plane [43]. The configuration and a prototype of the

antenna are shown in Fig. 9.1a and b respectively. This UWB antenna is based on a

inverted truncated annular conical dielectric resonator (DR) which can offer a wide

impedance bandwidth and radiate with a omnidirectional pattern. The feeding mech-

anism was based on a center rod on a small ground plane excited through a SMA

connector. Even though the small ground plane was implemented to deliver a better

wearability, the rigidity of the antenna materials and the probe-fed feeding configura-

tion probably did not offer a very comfortable wearing experience.

As a result, to improve the wearability, approaches of reducing antenna physical size

and making the antenna mechanically flexible were deployed in some recently re-

ported works [44, 45, 212]. For instance, a rectangular stacked DRA design simulated
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Figure 9.1. The first DRA proposed for wearable applications. (a) The cross-sectional and top

views and (b) a prototype of the first DRA conceptually proposed for wearable applications, adapted

from [43].

using CST was proposed by Esselle’s team for wearable medical applications [45], as

shown in Fig. 9.2. Based on the simulated results reported, this probe-fed antenna can

achieve an at least 50% volume reduction via using a copper side wall. The resulting

device operates with a wide impedance bandwidth from 4.7 to 9.9 GHz by exploiting

a multi-segment/multi-permittivity structure. On the other hand, as shown in Fig. 9.3,

three different types of cylindrical DRAs employing textiles as flexible ground plane

and/or substrate were proposed by Kishk’s team [212], to obtain a higher antenna

conformability. These three antennas were designed for the 5.8-GHz ISM band with a

footprint of 60 × 60 mm2 and a height from 12 to 18 mm. For both cases, the antenna

flexibility and consequently wearability are still limited, since their DRs are rigid and

relatively thick.

Figure 9.2. A rectangular multilayer DRA proposed for wearable applications. The two side

and perspective views of the antenna proposed in [45], adapted from [45].
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Figure 9.3. Three cylindrical DRAs proposed for wearable applications. The side views of the

three DRAs proposed in [212], adapted from [212].

In this chapter, a wideband DRA whose DR and feeding structure are both made me-

chanically flexible is proposed for wearable applications. The DR is realized in a mix-

ture of polydimethylsiloxane (PDMS) and ceramic powder and thus exhibits an excel-

lent conformability. The feeding configuration is a microstrip patch whose substrate

and conductors are made of the ceramic-PDMS mixture and graphite paper respec-

tively. This antenna feed is flexible and excites the DRA from the side rather than

the bottom, which makes it more appropriate for wearable applications. Based on this

principle, one antenna prototype was realized and subjected to experimental character-

ization. The good agreement between the simulation and measurement indicates that,

the proposed DRA has a wide beamwidth of around 100◦ in the E-plane and a wide

fractional impedance bandwidth of 53%. Combining these features with the presence

of a ground plane for isolation, the proposed antenna is expected to be appropriate

for wearable applications, although further experimental validation on the flexibility

is planned in future work. This is due to the fact that, the antenna ground plane of-

fers a good electromagnetic isolation to the human body whereas the wide impedance

bandwidth relaxes the tolerance limit for antenna physical bending.

9.2 DRA design

9.2.1 DRA configuration

The configuration and the CST model of the proposed antenna are shown in Fig. 9.4a

and b respectively whereas the antenna final dimensions are listed in Table 9.1. The
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Table 9.1. The antenna dimensions. Dimensions of the proposed antenna in (mm).

L1 L2 L3 L4 W1 W2 W3 W4 R h1 h2

40.0 11.5 8.5 1.5 40.0 14.0 3.5 2.5 13.0 4.5 2.5

device is comprised of two main components, namely a cylindrical dielectric disk op-

erating as the resonator and a microstrip non-resonant patch working as the feed. Ex-

ploiting this feeding arrangement promotes better wearability thanks to the side feed,

as well as electromagnetic isolation owing to ground plane configuration. The patch

top edge is aligned with the center of the DR to excite its HEM11δ mode, since in this

configuration their field distributions are matched, as depicted in Fig. 9.5. Alterna-

tively, it can be interpreted that the DR fundamental mode is excited by the equivalent

magnetic current formed by the electric field distributed between ground plane and

patch edge in the antenna center. The simulated electric field distribution confirms

that the DR resonates at the HEM11δ mode at around 5.8 GHz, as shown in Fig. 9.6.

At higher frequencies, the mode transforms to a hybrid mode combing the TM01δ and

HEM11δ, as shown in 9.7. As a consequence, these two closely located modes result in

a wide impedance bandwidth.

Figure 9.4. The proposed antenna configuration and 3D model in CST. (a) The top and side

views and (b) the 3D exploded model in CST of the proposed wearable DRA.
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Figure 9.5. HE11δ mode excitation illustration. The electric field distribution inside the DR

illustrating how the HE11δ mode is excited.

Figure 9.6. Simulated E- and H-field distributions of the HE11δ mode. The simulated (a)

electric field and (b) magnetic field distribution inside the DR at the HE11δ mode of 5.8 GHz.

The patch is connected to a 50-Ω microstrip line for feeding. The ground plane not only

serves for the patch, but also conventionally acts as an electric wall for the DR which

leads to an approximate 50% volume reduction by making its resonance frequency

to be half, according to image theory. Therefore, the substrate section that is directly

connected to the DR should be considered as part of a multilayer DR structure. The

resonance frequency of the fundamental HEM mode f(HEM11)
, radius a, height h and

relative permittivity εr of the DR have the following closed-form relations obtained

through numerical results [208]:

f(HEM11)
=

k0ac

2πa
, (9.1)
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Figure 9.7. Simulated E- and H-field distributions of the hybrid mode. The simulated (a)

electric field and (b) magnetic field distribution inside the DR in the hybrid mode of 8.6 GHz.

k0a =
6.324√
εr + 2

[

0.27+ 0.36(
a

2H
) + 0.02(

a

2H
)2

]

(9.2)

where c and k0a are the speed of light and the normalized wavenumber, respectively.

The resonance frequency is set here to be the ISM 5.8-GHz band. The exact relative

permittivity of the DR is obtained through dedicated measurements on the fabricated

material prototypes. Then, based on these expressions, the combination of the height

and radius of the DR can be determined according the following principle: the ratio

between the DR radius and height should be high to keep a low profile for the an-

tenna, provided the lateral footprint is within a certain range (e.g. maximum 50 mm

× 50 mm). At the end, the size of the feeding non-resonant patch is obtained through

iterative parametric optimization in CST aiming for a wide and satisfactory impedance

bandwidth.

9.2.2 Antenna materials

As this antenna is designed for wearable applications, making the antenna mechani-

cal flexible is one of primary requirements. As a consequence, composites of PDMS

and ceramic powder are selected as the materials for the DR and the substrate, since

excellent mechanical resilience with a relative permittivity up to 25 can be achieved

using these materials, as reported in [213]. The PDMS used was 184 Silicone Elastomer
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from Sylgard® which has two components Part-A and Part-B while the ceramic pow-

der used was the 90M/ML series from Prosperity Dielectrics Co., Ltd., as shown in

Fig. 9.8. The reported relative permittivity εr and the loss tangent tanδ of the PDMS

are 2.68 and 0.001 respectively at 10 kHz. The ceramic power 90ML has a claimed rel-

ative permittivity εr of 95. A higher proportion of ceramic powder in the mixture will

lead to a higher relative permittivity but also a lower mechanical flexibility. Based on

numerous trial-and-error experiments, a weight combination of 20% 90ML and 80%

PDMS is believed to be one of the best solutions which provides a relative permittivity

of 4 and a loss tangent of 0.046 at 5.8 GHz while maintaining a reasonable flexibility.

The DR relative permittivity is relatively low compared to conventional DR, which will

lead to a larger antenna size, but in counterpart it promotes a wider impedance band-

width. The permittivity and loss tangent of the various composite materials samples

are measured using a Dielectric Assessment Kit (DAK) from SPEAG.

Figure 9.8. The materials and mold for DR fabrication. The ceramic powder, PDMS and a

mold required for the DR fabrication.

Due to its low cost, good mechanical flexibility and satisfactory conductivity, com-

mercially available graphite paper is utilized as conductor layer for the patch and the

ground plane. The graphite paper has a thickness of 150 µm which is about three times

the skin depth at 5.8 GHz (around 57 µm) and a conductivity of 1.33 × 104 S/m. A

laser-cut patch and ground plane realized in the graphite paper are shown in Fig. 9.9a

and b, respectively. Conductive epoxy CW2400 from CircuitWorks® is employed to

glue an SMA connector to the antenna.
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Figure 9.9. Patch and ground plane made of graphite paper. (a) A patch and (b) a ground

plane realized using graphite paper, cut by a laser milling machine.

9.2.3 Antenna fabrication

There are four steps involved for the DR realization. First, well mixed PDMS Part-

A and Part-B are mixed in a good stirring with the ceramic powder until they are

uniformly distributed in the PDMS. Second, the mixture is placed into a glass chamber

with a vacuum pump connected and running until all bubbles are removed from the

mixture. This is necessary for the these air bubbles introduced in the stirring step

to be eliminated, as they will decrease the permittivity and quality of the DR. Third,

the mixture is very gently poured into a mold (see Fig. 9.8) to minimize new bubble

production. If deemed necessary, the mixture in the mold can be put into a vacuum

chamber again, but only for a very short time frame. The reason is that, due to the

higher density of the ceramic powder, it tends to sink in the PDMS and thus creates

non-uniformity and uncertainty in the DR permittivity. For the same reason, the last

step is placing the mold onto a hotplate with a preset temperature of 150◦C, in order

to solidify the mixture as rapidly as possible. One flexible DR prototype fabricated is

shown in Fig. 9.10.

Figure 9.10. A flexible DR prototype. A DR prototype realized in PDMS and ceramic powder

using the mold shown in Fig. 9.8.
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Similarly, for the substrate fabrication process, the ceramic-PDMS mixture needs to

be prepared following the first two steps mentioned above. The difference is that the

material now needs to be combined with the graphite paper patch and the ground

plane which have been accurately patterned using a laser milling machine (LPKF: Pro-

tolaser S), as shown in Fig. 9.9. Double side adhesive tape is used to accurately affix the

patch on the substrate mold based on the desired antenna configuration. The prepared

ceramic-PDMS mixture is then very gently poured into the mold and the ground plane

is placed on top of it. The whole piece is then put on a preheated hotplate of 150◦C

for quick drying. When dried, the patch and the ground plane are naturally bonded to

the substrate. The final step is to glue the DR on the substrate with PDMS and attach

an SMA connector using conductive epoxy. As illustrated in Fig. 9.11, the realized DR,

substrate and the whole antenna all exhibit very good mechanical flexibility. Because

of its thickness, the antenna inherently has the least conformability.

Figure 9.11. DR, substrate and antenna prototypes under bending condition. Prototypes of

(a) a DR, (b) a substrate and (c) an antenna under bending conditions, demonstrating very good

mechanical flexibility.

9.3 Experimental results

An antenna prototype, as demonstrated in Fig. 9.12, has been fabricated and experi-

mentally characterized. Good agreement between simulation and measurement vali-

dates the design.

The simulated and measured reflection coefficients of the antenna prototype are com-

pared in Fig. 9.13, where a reasonable agreement is observed. The simulated S11 shows

two resonance at 6 and 8.6 GHz as discussed in Section 9.2.1 and exhibits a good

impedance matching (|S11| < -10 dB) from 5.5 to 9.8 GHz, corresponding to an ap-

proximate 53% fractional bandwidth. The measured reflection coefficient shows three
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Figure 9.12. An antenna prototype. (a) A back, (b) a perspective and (c) a top view of the

antenna prototype under test.

resonances approximately at 6, 7.3 and 8.8 GHz. The presence of the middle resonance

7 GHz and the frequency shift of the hybrid mode to 8.8 GHz can be due to the fabrica-

tion tolerance such as imperfect alignment of the feed which might excite other hybrid

modes. In addition, it is noted that a much wider impedance bandwidth extending

from 5.5 to 20 GHz was observed during measurement (not shown after 10GHz in

Fig. 9.13). This is however attributed to the significant ohmic loss inside the conduc-

tors at high frequencies due to skin effect and high roughness of the graphite paper.

As a result, the practically usable impedance bandwidth of the prototype remains the

same as the simulated one, namely from 5.5 to 9.8 GHz.

Figure 9.13. Simulated and measured |S11| of the DRA. Simulated and measured reflection

coefficients of the proposed flexible DRA.
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The simulated and measured radiation patterns at 5.5, 5.8, 6, 7, 8 and 9 GHz in the

yz- and xz-plane are shown in Fig. 9.14, and a good agreement is attained. A typical

radiation pattern of the fundamental HEM11δ mode can be observed for the 5.5, 5.8, 6

and 7 GHz, which correspond to the pattern radiated by a magnetic dipole orientated

in the x direction on a finite ground plane. Importantly, such a pattern has a very wide

3-dB beamwidth of around 100◦ in the yz-plane (E-plane) while the xz-plane has the

maximum in the boresight and nulls along the x axis. This is consistent with the mag-

netic field distribution shown in Fig. 9.6, and proves that the ceramic-PDMS cylinder

operates as a DRA despite its low relative permittivity. In the present context, this

type of radiation patterns is desired for off-body applications because the very wide

beamwidth leads to a very large angular coverage in the y direction. Towards higher

frequencies, the main beam starts to become asymmetric and narrower in the yz-plane,

due to the hybrid mode introduced by the asymmetric feeding geometry. This kind of

more directional pattern is also very practical for off-body communications.

The simulated and measured realized gain are both plotted in Fig. 9.15. A very good

consistency is obtained in most of the spectrum and slight discrepancies are likely due

to the imperfect measurement. The measured gain from 5.5 to 10 GHz ranges between

3.1 to 7.2 dB, which should be sufficiently high for most wearable applications. The

gain has a rising trend which can be explained by the increasing antenna directivity

associated with the hybrid mode. In the frequency range beyond 9.5 GHz, the mea-

sured antenna gain starts to drop significantly which leads to a reflection coefficient

below -10 dB up to 20 GHz. As mentioned, this is due to the ohmic loss in the rough

graphite paper and the dielectric loss in the PDMS. The simulated total antenna effi-

ciency is also plotted in Fig. 9.16. As shown in the figure, the simulated total antenna

efficiency ranges from 42.8% to 62.5% between 5.5 to 9.8 GHz, with an averaged value

of 58.3%. This can be improved by using conductors with higher conductivity and/or

dielectric powder with lower loss.

It is emphasized that, the present study is a conceptual preliminary investigation of

the proposed flexible DRA structure, and that the impact due to the human body and

bending will be considered in future work. However, one can intuitively expect that

with its ground plane the antenna should be insensitive to the human host, and that the

impact due to bending can be easily compensated by the very wide antenna impedance

bandwidth.
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Figure 9.14. Radiation patterns of the proposed antenna. The simulated and measured radiation

patterns of the proposed wearable DRA at 5.5, 5.8, 6, 7, 8 and 9 GHz in the xz- and yz-planes.
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Figure 9.15. Simulated and measured realized gain of the DRA. Simulated and measured

realized gain of the antenna.

Figure 9.16. Simulated total efficiency of the DRA. Simulated total efficiency of the antenna.

9.4 Conclusion

Mechanical rigidity of conventional DRAs limits their exploitation in wearable applica-

tions, although these antennas are conceptually very suitable since they are versatile in

design, wideband and highly efficient. Therefore, a flexible and wideband microstrip-

fed DRA has been proposed for wearable applications in this chapter. The antenna
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consists of a DR and a microstrip patch where both are made flexible to improve the

wearability. Flexible ceramic-PDMS composites and graphite paper are used as the di-

electric and conductive materials for the proposed DRA, to gain mechanical flexibility

while attaining satisfactory electrical performance. An antenna prototype has been fab-

ricated and experimentally studied to validate the design. The very good agreement

between simulation and measurement indicates that, the proposed antenna concept is

viable. The good mechanical conformability, the wide impedance bandwidth (|S11| < -

10 dB) of 53% and the large 3-dB beam width of 100◦ approximately, all make this

antenna very promising for wearable applications.

Page 207



Page 208



Chapter 10

Conclusion and Outlook

T
HE research presented in thesis has been described into four ma-

jor parts mainly associated to flexible, wearable and reconfig-

urable antennas realized in novel conductive materials. The first

part has focused on flexible and high-efficiency antenna designs based on

non-metallic conductors, namely conductive polymers and graphene thin

films. The second part has placed emphasis on shorting and connection

strategies for wearable textile antennas. Following that, the third part has

been devoted to modular and reconfigurable wearable textile antennas.

And finally, the fourth part has investigated novel antenna structures for

wearable applications. This chapter concludes all these four self-contained

parts and suggests possible future related work.

Page 209



10.1 Summary preamble

10.1 Summary preamble

The research discussed in this thesis is mainly related to flexible, wearable and re-

configurable antennas realized in novel conductive materials such as conductive poly-

mers, graphene and graphite thin films and conductive textiles. The work has been

presented in four self-contained sections and they are summarized in this chapter, in

terms of the original contributions and results. Additionally, a number of possible fu-

ture research directions for each of the four sections are also suggested.

10.2 Part I: Flexible and high-efficiency antennas based

on non-metallic conductors

This part of the thesis consists of Chapter 3 and 4 which have placed the focus on de-

signing flexible and high-efficiency antennas realized in non-metallic conductors such

as conductive polymers and graphene thin films. These two chapters have put the

emphasis on appropriate engineering methods to overcome the inherent and process-

related limitations of the materials. The engineering approaches include exploitation of

non-resonant antenna structure to improve the antenna efficiency, utilization of simple

chemical treatment to enhance material conductivity and multilayer laminated struc-

ture to increase the effective material thickness. This section summarizes the original

contributions and considers the potential future work of this part.

10.2.1 Summary of original contributions

• Based on an efficiency-driven antenna design strategy, a non-resonant UWB an-

tenna operating from 3 to 20 GHz with compact size, high efficiency and ex-

ceptional mechanical flexibility has been proposed. The antenna is completely

made from polymer consisting of a patterned PEDOT:PSS thin film attached to

a transparent sticky tape substrate. The overall dimension is less than a quarter-

wavelength at the lowest operation frequency. The device reaches a radiation

efficiency of over 85% averaged throughout the frequency band, which is, to the

authors’, best knowledge, the highest reported value for non-metallic antennas

of this type. The realized antenna offers great mechanical flexibility and robust-

ness which indicates its promising potential for possible seamless integration in

flexible electronics [5].
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• A numerical and experimental study of the impact of bending on the character-

istics of a purely polymeric UWB antenna reported in [5] has been conducted.

Because the highly flexible polymer antenna is expected to be used under vari-

ous bending conditions, it is very critical to investigate the possible performance

degradations due to bending, including variations in impedance matching and

radiation characteristics. The results indicate that, even with considerable bend-

ing angles, the antenna still functions well in terms of impedance matching, how-

ever, degradation in polarization needs to be taken into account [46].

• A 2.45-GHz dipole antenna realized in methanol-treated conductive polymers

PEDOT:PSS has been proposed, featuring excellent mechanical conformability

and high efficiency. Through immersing the originally highly conductive PE-

DOT:PSS thin films in a methanol solution, the treated films have achieved a

five-times higher conductivity from approximately 3500 S/m to 18500 S/m. Con-

sequently, a more than 25% antenna efficiency enhancement has been obtained,

which has brought the averaged efficiency up to 91.4% of the value of a copper

reference antenna with identical geometry [47].

• A flexible 5.8-GHz microstrip-fed slot antenna based on PEDOT:PSS polymer

thin film has been designed, fabricated and tested. Due to the use of a highly con-

ductive and flexible PEDOT:PSS film as well as a low-loss flexible polyethylene

foam, the antenna exhibits a high efficiency of 82% and fully reversible flexibil-

ity. This is a typical engineered multilayer purely polymeric antenna exhibiting

reversible mechanical flexibility [49].

• A three-layer laminated thin film structure based on two layers of PEDOT con-

ductors and one layer laminae of SiO2 in between has been patterned in a strip

and tested in a dedicated microstrip line test jig, showing a 5 to 15 dB higher |S21|
parameter compared to the single layer PEDOT. These results indicate the lami-

nated structure is promising to overcome the insufficient film thickness problem

for some conductive polymers.

• A high-efficiency UWB antenna made of graphene films which are based on

binder-free and surfactant-free graphene inks has been proposed. The fabricated

antenna yields a high efficiency averaging 79% over the bandwidth from 3.1 to

10.6 GHz, which is, to the authors’ best knowledge, the highest reported value for

graphene antennas for the microwave region. The combination of high-quality
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graphene films, efficiency-driven antenna design strategy and appropriate fabri-

cation technique is the key for achieving this outstanding performance [51, 52].

10.2.2 Future work

Antenna designs based on conductive polymers

With continuous advances in materials science, it is predictable that the electrical con-

ductivity and the plastic-like mechanical properties of conductive polymers will be

improved steadily while other desired characteristics such as biocompatibility and

biodegradability will be enhanced as well. As a result, these materials can be utilized

for more advanced antenna designs:

• Reconfigurable and sensing antennas

Controlling changes in antenna materials characteristics would be a very promis-

ing approach to design antennas with sensibility and/or reconfigurability. These

antennas are highly desired for a wide range of applications such as wireless

sensor networks. Conducting polymers can have great potential of being such

materials, since some of them have sensorial characteristics. For instance, var-

ious conductive polymers have intrinsic electrical conductivity due to the con-

jugated bonds within the polymer molecule, and the mechanism of the charge

movement is highly depending on temperature, moisture, light, external excita-

tion such as electrical and mechanical forces [62]. As a result, with changes in

these conditions such as light, temperature, humidity and bias voltage, the vari-

ation in the electrical conductivity of these polymers can be utilized to design

sensing and/or reconfigurable antennas. Since only very limited investigations

on these antennas based on conductive polymers [214, 215] have been reported

in the open literature, this is definitely a promising area to further explore.

• Implantable and biodegradable antennas

On the other hand, on top of their high electrical conductivity and light weight,

some conductive polymers can be made biocompatible and biodegradable [216,

217]. This unique combination of electrical conductivity, light-weight, biocom-

patibility and biodegradability opens a door for exploiting these polymers as

conductor materials for implantable and/or biodegradable antennas.
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Antenna designs based on graphene or its composites

Similarly, a very positive perspective about the development of graphene and its com-

posites is expected, due to the intensive research resources invested globally. Espe-

cially as the fabrication and process technologies for graphene will become mature,

one can expect that the theoretically and numerically designed graphene antennas can

be practically realized and optimized, from microwave to THz and infrared frequency

range.

• Nanoscale and reconfigurable antennas for the THz band

As mentioned in Chapter 2, graphene is a very appropriate conductor for an-

tennas dedicated for the THz band, since it supports surface plasmon polariton

(SPP) waves in the frequency range [92,94]. In addition, since the graphene resis-

tivity will decrease drastically when a DC bias voltage is applied, reconfigurable

antenna characteristics can be fulfilled based on this property. Therefore, devel-

opment of nanoscale and reconfigurable antennas dedicated for the THz band

will continuously be the main focus of the related antenna research. One can ex-

pect other important aspects in terms of antenna fabrication and measurement

will become another focus at THz frequencies in the very near future.

• Printable and reconfigurable antennas for the microwave region

As discussed in Chapter 4, graphene inks have very attractive properties such

as low cost, hight conductivity, easy processability and environmental friendli-

ness, which make them very suitable conductors for inexpensive and corrosion-

resistant antennas. Especially, since these graphene inks can be sprayed, inkjet-

and screen-printed, even antennas with complicated geometry can be patterned

very quickly and accurately on substrates. As a result, printable antennas char-

acterized by convenient and economic fabrication can be one promising future

work. On the other hand, similarly to the case mentioned above for the THz

band, the changeable resistivity of graphene also can be employed to design re-

configurable antennas in the microwave region. For instance, one can realize a

DC-control switch based on graphene layer(s) to design reconfigurable antennas.

This will be also another promising aspect worth investigating.
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10.3 Part II: Shorting and connection strategies for wear-

able textile antennas

Chapter 4 represents the second part of the thesis, which has investigated practical

shorting and connection strategies for wearable textile antennas, based on textile strips,

embroidered vias, metallic eyelets and commercial snap-on buttons. This section con-

cludes the original contributions and suggests potential directions for future work.

10.3.1 Summary of original contributions

• Different practical shorting strategies have been investigated for wearable textile

antennas, based on an L-slot planar inverted-F antenna (PIFA). These shorting

approaches include a folded strip of silver fabric, embroidered vias and metallic

eyelets. The performance of a PIFA antenna realized with these three shorting

methods has been compared to an ideal short based on full-wave simulations

with realistic shorting models. The results have indicated that the embroidered

vias shorting method is the simplest and cheapest method to implement, how-

ever, has slightly lower efficiency and gain than the silver fabric folded strip and

eyelet shorting methods due to its higher resistance [53].

• Commercial snap-on buttons have been proposed to realize detachable shorting

vias for wearable textile antennas. A microstrip patch antenna which utilizes

these button shorting vias has been designed, fabricated and experimentally val-

idated. It has been shown that different antenna radiation patterns can be se-

lected, through engaging particular male buttons from the ground plane with

female buttons to form shorting vias. This has demonstrated that commercial

snap-on buttons can be practically utilized as detachable shorting vias for wear-

able textile antennas, to obtain passive reconfigurability [54].

• A pair of commercial snap-on buttons has been demonstrated as a detachable RF

balanced connection between a garment-integrated textile dipole antenna and a

passive sensor-enabled RFID tag and in a wearable wireless system. This con-

nection offers inexpensive, reliable and repeatably detachable RF coupling and

feeding connections for balanced textile antennas, as conceptualized in simula-

tions and validated through measurements. Additionally, the RF performance of

the proposed snap-on button connection has been characterized in a back-to-back
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balanced transmission line structure. The resulting transmission coefficients have

indicated the good performance of the snap-on buttons as RF connectors for bal-

anced antennas/transmission lines at least up to 5 GHz with insertion loss better

than 0.8 dB [55, 56].

10.3.2 Future work

Shorting and connection strategies

Experimental validation for the proposed shorting solutions should be completed to

confirm the predictions obtained from the simulated results. Additionally, other metal-

lic accessories for clothing can be worth exploiting as alternative shorting and connec-

tion solutions for textile antennas.

• Experimental validation for different shorting strategies

For experimental validation, the simulated L-slot PIFA antenna should be fabri-

cated with different shorting strategies as proposed, namely folded textile strip,

embroidered vias using conductive threads, metallic eyelets and snap-on but-

tons. Evaluations in terms of cost, fabrication difficulty and antenna performance

especially the variations in impedance matching and efficiency (especially the

variations in impedance matching and efficiency) should be performed. In addi-

tion, similar studies should also be conducted for shorting wall realization using

these shorting approaches, which requires another antenna test bed. This was

not possible in the timeframe of this thesis, but would provide validated charac-

terization of those shorting techniques.

• Other shorting and connection strategies

There are other types of metallic accessories in common use in the clothing indus-

try, for example, buttons and zips. Some of these textile-compatible components

might be possibly exploited as alternative shorting and connection methods for

wearable textile antennas. For instance, depending on the design, metallic zips

can be used as a shorting wall with a manually adjustable length, whereas a

metallic button can be adopted as a fastenable electrical connector. Further ex-

ploration of this aspect for textile antenna design is interesting and promising.
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10.4 Part III: Modular and reconfigurable wearable tex-

tile antennas

The third part of this thesis has proposed a modular and a reconfigurable design for

wearable textile antennas in Chapter 6 and 7, respectively. The original contributions

and future work are summarized in the present section.

10.4.1 Summary of original contributions

• An antenna design concept with interchangeable radiation elements which pro-

vide modularity in antenna characteristics for wearable applications has been

presented. By utilizing commercial snap-on buttons both as mechanical hold-

ing mechanism and for RF connection, a variety of modularly interchangeable

microstrip patches have been employed to demonstrate geometry reconfigura-

bilities in terms of resonance frequency and polarization. Three patches offering

interchangeability in circular polarization at 5 GHz, interchangeability in reso-

nance frequencies of 2.4- and 5.3-GHz and operation at 8-GHz have been pro-

posed as typical designs, respectively. The good agreement between simulation

and experiment of the fabricated antennas in free space, worn by a torso phan-

tom and in bending conditions, have validated the concept and proven that this

type of modular design can offer convenient, passive, low-cost, and versatile sys-

tem modularities, which can be very beneficial for low-cost wearable applica-

tions [57].

• As an extension of the module library for the modular wearable textile antenna

concept mentioned above [57], a foldable patch module has been proposed, show-

ing passive discrete resonance frequency modularity at 8, 9 and 10 GHz. Partic-

ular resonance frequencies can be passively interchanged, by simply folding the

textile radiating element at predetermined lengths denoted by position mark-

ers. The results obtained from the prototype-based experimental characteriza-

tion have indicated that the foldable module functions as expected. This design

has emphasised that the reported modular antenna design offers a practical, low-

manufacture-cost, low-maintenance-cost, passive and versatile solution to recon-

figure system characteristics for multi-functional wearable systems [58].
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• A circular patch module with a rectangular flap cut in the middles has been

proposed, as another new member of the module library for the modular con-

cept. This module not only has interchangeability between right-handed circular

polarization (RHCP), left-handed circular polarization (LHCP) and linear polar-

ization (LP), but also has passive reconfigurability in resonance frequency for

LP, through simple module rotation and different flap configurations (opened or

closed). This design has confirmed the versatility of the modular concept [59].

• A reconfigurable module consisting of commercial snap-on buttons and a ded-

icated circuitry unit which can have varactor(s)/PIN diode(s), inductor(s) and

capacitor(s) integrated to form an active circuit is proposed for reconfigurable

wearable textile antennas. This button module can solve the main challenge in re-

alizing reliable connection between lumped components, circuit board and con-

ductive textiles. The very different physical properties of those flexible and rigid

components have been the main obstacle to truly reconfigurable wearable de-

signs. A frequency-reconfigurable PIFA antenna employing this button module

has been designed and tested in a preliminary design, and the measured results

have validated the concept [60].

10.4.2 Future work

Modular and reconfigurable textile antennas

The modular and the reconfigurable antenna concepts proposed are both based on

commercial snap-on buttons. Extending the reconfigurable (active) button module and

patch (passive) module libraries as well as combining these two concepts together in

antenna design can be two promising directions for the future work.

• Active and passive module libraries extension

More elaborate reconfigurable antenna designs with dedicated active button mod-

ule(s) should be exploited in the near future. In addition, through identifying

commonly used topologies in reconfigurable antenna design, corresponding ac-

tive button modules (circuitry units) can be also developed accordingly in a sim-

ilar modular fashion beforehand. This will allow a prompt antenna design for

conventional projects. For the same reason, extending the patch modules library

for the modular concept is also worth extension.
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• Antenna designs combining these two concepts

A very versatile antenna design strategy can be developed by combining the

modular and the reconfigurable button module concepts. This is because the

design flexibilities obtained from both the passive patch and the active button

modules can dramatically increase the versatility in antenna designs. For in-

stance, an antenna may be able to attain frequency reconfigurability in several

desired spectrum ranges, by interchanging its patch modules. Therefore, this can

be a very promising direction for investigation in the near future.

10.5 Part IV: Novel antenna structures for wearable ap-

plications

The last part of the thesis encompasses Chapter 8 and 9 which have proposed novel

antenna structures for wearable applications. These antennas include a series-fed dual-

circularly-polarized microstrip patch array and a flexible DRA. The original contribu-

tions are all summarized in this section, along with the future work.

10.5.1 Summary of original contributions

• A highly efficient series-fed microstrip patch array with a compact size has been

proposed for wearable applications. The patch elements are excited by the travel-

ing wave guided by a microstrip line through coplanar proximity coupling. Due

to the circular array arrangement and the strong coupling mechanism, the array

exhibits a compact size and a high efficiency. A dual-port feeding enables the

ability of choosing the direction of the travelling waves, and consequently the

sense of circular polarization of the patches. The array can radiate waves of arbi-

trary polarization when both ports are fed simultaneous with proper amplitude

and phase difference. Since the antenna array is very thin and compact while ex-

hibiting a very good isolation from the human object owing to the ground plane,

it can be used for wearable applications [61].

• Towards wearable applications, a non-metallic DRA which had its dielectric res-

onator (DR) and substrate both made mechanically flexible has been designed

and subjected to experimentally characterization. The DR of the antenna is real-

ized in a mixture of PDMS and ceramic powder while the microstrip patch feed

Page 218



Chapter 10 Conclusion and Outlook

is based on carbon paper over a substrate made of the ceramic-PDMS mixture.

This flexible antenna is promising for wearable applications, because it not only

has a ground plane and thus electromagnetic isolation from the human body, but

also a wide impedance bandwidth of 53% and a broad beamwidth of nearly 100◦.

10.5.2 Future work

Wearable microstrip patch array

The proposed series-fed microstrip patch array concept can be very suitable for wear-

able applications, because of its simple feeding structure and compact circular arrange-

ment. Actually, the array can be designed in other arrangements depending on appli-

cations. For instance, one can deploy a linear array to realize a conformal design to

be mounted on a helmet or integrated in a belt. In addition, active lumped circuits

can also be introduced in the array to control the coupling strength of each array ele-

ment and thus steer the main beam. All these advanced antenna designs are desired

for wearable applications. Therefore, this can be the promising directions for future

research.

Wearable DRA

Towards wearable applications, the proposed DRA has been designed to be fed by a

microstrip line while introducing mechanical flexibility to gain comfortable wearing

experience. Additionally, the antenna wide impedance bandwidth can compensate

most performance degradation due to deformation, and the ground plane provides

isolation from the human body. The presented work has demonstrated that DRA de-

signs are a promising path to exploit for wearable applications.

• Compact dense dielectric patch antenna

The first dense dielectric patch antenna was reported by Lai et al. [218] in 2013.

This planar antenna is composed of a very thin dielectric disk of a very high

permittivity, which operates similarly as a standard half-wave microstrip patch

antenna resonating at its TMz
110 mode. This type of antennas exhibits a compact

size and can have a ground plane, which make it very suitable for wearable ap-

plications, not to mention their high radiation efficiency and wide beamwidth.

Future work can place focus on making these antenna more flexible to improve

the wearability.

Page 219



10.6 Concluding statement

• Dielectric resonator antenna as button for clothes

DRAs can be designed in various shape and aspect ratio, and hence it is possible

to realize them as normal buttons for clothes. This is very beneficial since one can

integrate the antenna into a garment without standing out, while the antenna acts

as a button simultaneously. In addition, since a fastened button can have a very

tight connection to the fabrics underneath, one can utilize a section of the fabrics

realized in conductive textiles to form a ground plane for the DRA, which will

halve the antenna height. This can be a practical solution for antenna-to-garment

integration and is a promising path for future study.

10.6 Concluding statement

The research presented in this thesis has focused on the design, fabrication and system

interconnection, for flexible, wearable and reconfigurable antennas based on several

promising novel conductive materials. These included conductive polymers, graphene

and graphite films and conductive textiles. Since these novel materials have very dif-

ferent characteristics compared to the conventional rigid conductors such as copper,

significant efforts have been placed into the material side of antenna engineering prin-

ciples. One of the main motivations of this thesis was to combine customized antenna

technology and material science, and thus create antennas with unconventional char-

acteristics desired for wearable electronic systems. A variety of flexible, wearable and

reconfigurable antennas based on the mentioned novel materials have been presented

in this thesis, exhibiting promising general characteristics and radiation performance.

All these promising achievements have illustrated that the interdisciplinary combina-

tion of antenna technology and material science magically explores prospective solu-

tions to present and future antenna design challenges. This might become one of the

main directions for antenna development towards next generations of mobile wireless

communication systems.
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