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Abstract

This thesis presents polydimethylsiloxane (PDMS)-embedded conductive fabric as a new

approach to realise robust flexible wearable antennas. The approach combines the use of

conductive fabric as the antenna radiator and ground plane, with PDMS which acts as the

antenna substrate and a protective encapsulation. This allows for a simple yet effective

approach to achieve robust flexible wearable antennas.

Initially, a thorough characterisation of the mechanical and electrical properties of

the PDMS-embedded conductive fabric was demonstrated with four potential combina-

tions of PDMS-conductive fabric considered in this thesis. This characterisation provides

valuable insight into the mechanical robustness of the proposed approach, the constraints

associated with selection of the conductive fabric for various parts of the antenna, and the

effective modelling of the antenna. Upon gathering the characterisation results, several

wearable antenna designs were developed as concept demonstrations. To verify the de-

signs, their performance was then investigated experimentally, including RF performance

tests both in free space and on fabricated ultra-wideband (UWB) human-muscle equiv-

alent phantoms, and mechanical stability tests e.g. bending tests on the aforementioned

phantoms and machine-washing tests.

As the first concept demonstration, four simple inset-fed rectangular patches were

designed using the four combinations of PDMS-conductive fabric characterised before,
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thus verifying the properties obtained from the characterisation process. Next, a new

dual-band dual-mode antenna design suitable for off- and on-body communication was

developed as the second demonstration. Different from previously reported works, the

dual-band dual-mode operation was achieved by utilising inherently generated higher-

order modes of a patch antenna, allowing for a much simpler design that only used a

single patch fed by a simple probe feed.

Further, a novel planar UWB antenna design was developed to demonstrate the appli-

cability of the PDMS-embedded conductive fabric technique for UWB and high-frequency

applications. In contrast to previously reported flexible UWB antennas, the design main-

tains a full ground plane which provides a high isolation between the antenna and the hu-

man body when worn. The antenna time-domain analysis in both free-space and on-body

environments was also conducted, demonstrating its suitability for UWB pulse transmis-

sion.

Lastly, the application of PDMS-embedded conductive-fabric technology was expanded

further to cover, for the first time, the realisation of robust flexible electronically tunable

wearable antennas. A frequency-reconfigurable patch antenna that can stand physical

deformation and even machine-washing has been successfully developed. Its miniaturised

version, incorporating a PDMS-ceramic composite substrate, was also investigated to

show the versatility of the proposed PDMS-embedded conductive fabric.

In all four concept demonstrations, a good agreement between simulated and mea-

sured results is shown. Consistent performance including reconfigurability was obtained

even after the antennas were exposed to harsh environments, e.g. extreme bending and

machine-washing. This validates the applicability of the proposed approach for realisation

of robust flexible antennas for wearable applications.
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CHAPTER

1 Introduction

1.1 Motivation, Challenges, and State of the Art

With the growing needs in ubiquitous communications, significant interest in the develop-

ment and application of Wireless Body Area Networks (WBANs) has emerged. WBAN

refers to a network of wireless communication devices and sensor systems which is located

in, on, or around the human body to collect and analyse data from various activities.

WBAN applications span a wide area which can be categorised into whether they are

used in a medical field or a non-medical field. WBAN non-medical applications include

cognitive and emotional recognition for driving assistance or social interactions, motion

and gestures detection for fitness and interactive gaming, medical assistance in disaster

events, such as earthquakes, building fires, and terrorist attacks, and secure authentica-

tion through physiological and behavioural biometrics [1, 2]. On the other hand, WBAN

utilisation in the medical field comprises healthcare solutions for ageing and diseased

population, examples of which include the early detection, prevention and monitoring

of diseases, assistance to the elderly at home, rehabilitation after surgery, and ambient

assisted living applications [1–3].

With this wide range of applicability, it is inevitable to witness a growth in the wireless

wearable devices market, which has consequently also brought a huge demand for flexible

1



2 Introduction

and reversibly deformable wearable antennas as the key component in the Radio Frequency

(RF) front end of a wireless system. Particularly, a human body is such a unique operating

environment for an antenna. It consists of different layers of high permittivity and lossy

tissue, which means that the characteristics of the antenna such as impedance bandwidth,

gain, efficiency, and radiation pattern will be significantly affected by the vicinity of

the human body unless properly designed [4]. Furthermore, considering the necessity of

comfort for prolonged use, conventional antennas fabricated using printed circuit board

(PCB) technology are not suitable for this application. This is due to their poor flexibility,

thus making them unable to cope with the dynamic nature of the human body and to

withstand mechanical deformations in the human body environment, such as bending,

twisting, and stretching.

To address these challenges, in addition to the development of new antenna designs

suitable for wearable applications, in recent years significant efforts have been focused

on the realisation of flexible wearable antennas using unconventional materials, such as

textiles. Besides being flexible and commercially available, textiles make possible the

integration of the antenna into cloth, thus allowing for the realisation of less-obtrusive

wearable electronics. In addition to that, textiles are very porous materials, with air filling

the spaces in between the fibres, thus allowing textiles to have a very low relative permit-

tivity (<2) and quite an acceptable loss. All of these advantages currently place textiles

as the most studied and popular option of the unconventional materials for realisation of

wearable antennas.

There are a few types of textiles used for antenna realisation: ordinary fabrics, con-

ductive fabrics, and conductive threads. The ordinary fabrics are usually used as the

dielectric substrate of the antenna, while the conductive ones are normally utilised for the

conductive parts of the antenna, i.e. radiator and ground plane. For the latter, its elec-

trical behaviour is normally quantified by the sheet resistance or effective conductivity,
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which varies depending on the properties of the constituent fibres (the metal coatings/fill-

ings, the diameter, the density and direction when composing the fabric) [5,6]. Table 1.1,

1.2 and 1.3 summarise some textile materials that have been utilised to develop wearable

antennas, along with their electrical properties.

Table 1.1: Examples of Non-Conductive Fabric Used for Wearable Antenna Realisation

Ref Fabric ε tanδ Freq. (MHz)

[6] Quartzel 1.95 0.0004 2600

[6] Cordura-Lycra 1.5 0.0093 2600

[7] Cotton-Polyester 1.6 0.02 2450

[8] Cotton 1.92 0.023 400

[9] Felt 1.2 0.02 2450

[10] Cordura 1.9 0.0098 900 & 1800

Note: ε = relative permittivity, tanδ = loss tangent, Freq. = application frequency
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Table 1.2: Examples of Conductive Fabric Used for Wearable Antenna Realisation

Ref Fabric Thickness (mm) Rs (Ω/sq) Freq. (MHz)

[11] Zelt (copper-tin coated nylon) 0.06 0.01 2450 & 5800

[12] Shieldt super (nickel-copper coated polyester ripstop) 0.17 <0.5 2400

[13] Copper-coated polyester taffeta 0.08 0.05 900

[13] Silver-coated ripstop 0.05 0.25 900

[13] Silver-coated elastic nylon 0.4 1 900

[13] ArgenMesh (silver mesh) 0.3 1 900

[14] NCS95R-CR (nickel-copper-silver coated nylon ripstop) 0.13 0.01 4500

[15] Flectron (copper-coated nylon ripstop) 0.127 0.07 2450

Note: Rs = sheet resistance, Freq. = application frequency
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Table 1.3: Examples of Conductive Thread Used for Wearable Antenna Realisation

Ref Thread Composition Diam. (mm) R (Ω/m) Freq. (MHz)

[16] Shieldex 34 braided silver-coated polyamide fibre NA 500 900

[17] Amberstrand-332 332 braided silver-coated Zylon fibre 0.34 0.75 900, 1900 & 2450

[18] Amberstrand-664 664 braided silver-coated Zylon fibre 0.53 0.53 up to 4000

[18] Liberator-20 20 braided silver-copper coated Vectran fibre 0.22 0.22 up to 4000

[18] Liberator-40 40 braided silver-copper coated Vectran fibre 0.27 0.27 up to 4000

[19] Elektrisola 7 braided silver-coated copper fibre 0.12 1.9 1000–5000

[20] Aracon 178 braided silver-coated Kevlar fibre 0.76 3.3 up to 5000

Note: Diam. = total diameter of thread, R = resistance, Freq. = application frequency
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The material compositions and mechanical properties of textiles, nevertheless, make

them prone to extreme temperature, wetness, or even severe repetitive deformation. This

has, therefore, challenged the utilisation of textiles for wearable antenna realisation be-

cause wearable antennas are inevitably exposed to such harsh operating environments.

Another material which has been receiving significant interest in the development of flex-

ible wearable antennas is flexible polymers. Some examples that have been used in the

development of flexible wearable antennas are shown in Table 1.4. In general, they have

low permittivity with acceptable loss, making them appealing for high-frequency designs.

Further, unlike textiles, these polymers possess low water absorption together with high

flexibility and stretchability, which make them stable across a wide range of environments.

Polymers are normally utilised as the substrate or non-conductive parts of the antenna

whereas, acting as the conductive parts, other classes of materials are used, such as perfo-

rated copper sheet [21], conductive tape [22], conductive polymers [23], copper paste [24],

conductive textiles [25–27], embroidered layers [28, 29], liquid-metal alloy [30–33], and

nanomaterials (e.g. carbon nanotube [34], graphene [35], and silver nanowire [36–38]).

Table 1.4: Examples of Flexible Polymers Used for Wearable Antenna Realisation

Ref Polymer ε tanδ Freq. (GHz)

[21, 28] Polydimethylsiloxane (PDMS) 2.7 0.001–0.05 0.1–7

[39] Liquid Crystal Polymer (LCP) 3.16 0.003–0.005 30–97

[40] Polyethylene naphthalate (PEN) 3.2 0.005 7.5

[41] Kapton polymide 3.4 0.002 0.87–3.6

[42] Polyethylene terephthalate (PET) 3 0.008 2.4 & 3.6

Note: ε = relative permittivity, tanδ = loss tangent, Freq. = application frequency
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With such benefits, the inherently weak metal-polymer adhesion [25, 43], however,

challenges the development of flexible antennas with polymers, as the integration of the

antenna conductive parts is problematic. This poor adhesion can lead to frequent detach-

ment of the metal layers under deformation and stress. In the last decade, some solutions

to this issue have been proposed, which include embedding carbon nanotube sheets [34],

embedding perforated copper sheet [21], embedding silver nanowires (AgNWs) [37, 38],

injecting liquid metal [30–33], and oxygen plasma treatment on the polymer surface prior

to metal deposition [23,36,43]. Generally, the primary issue with these approaches is the

complexity of the fabrication process, whereas the properties of materials, such as the low

conductivity of the carbon nanotube [44], the possibility of liquid metal leakage [37], the

less flexibility and durability of copper sheet [32], and the high material cost of silver [45]

are some of the several secondary challenges. On the other hand, the method of embed-

ding embroidered conductive threads has also been proposed in [46, 47]. However, the

application has only been demonstrated for wire type antenna where the surface contact

between the conductive part and the PDMS is very minimum.

1.2 Research Framework and Objectives

Given the aforementioned challenges, it is, therefore, clear that further research on the

development of new techniques or material combinations for wearable antenna realisation

is still needed. This thesis focuses on developing a novel, simple yet effective approach

to realise robust flexible wearable antennas, namely PDMS-embedded conductive fabric.

This method combines the mechanical and electrical advantages of textile and polymer

to solve the problems faced when each material is used separately. Specifically, woven

conductive fabric and PDMS polymer are used in this work for their unique characteristics

that will be elaborated in the next chapter. The conductive fabric is used as the conductive
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parts of the antenna, e.g. radiator and ground plane, whereas the PDMS is utilised

as the non-conductive parts of the antenna, e.g. substrate and encapsulation layers.

Unlike previous studies in [25–27] that utilise similar combinations of materials by merely

attaching the conductive fabric to the surface of the PDMS, the conductive fabric is

embedded inside the PDMS. This approach solves the challenge of inherently weak metal-

polymer adhesion in a relatively simple way, leading to a significantly stronger integration

between the two. Further, the full encapsulation by PDMS protects all the antenna

parts from harsh environments, providing the physical robustness needed by wearable

applications.

Another important objective of this thesis is to develop various novel wearable an-

tennas, from passive to active type, based on the proposed PDMS-embedded conductive

fabric. Each proposed design is accompanied by thorough investigations on the perfor-

mance of the antennas in both free space and real operating environments. The latter

includes operation in close proximity to the human body and in harsh conditions such as

repetitive deformations and machine washing. The aims are not only to demonstrate the

applicability of the proposed fabrication method for realisation of robust flexible wear-

able antennas but also to validate the suitability of the antenna designs for wearable

applications.

1.3 Organisation of the Thesis

This thesis consists of six chapters starting with this introductory chapter (Chapter 1),

which covers the background, framework, and objectives of this work. The remainder of

this thesis is organised as follows.

In Chapter 2, the details on the proposed realisation approach, PDMS-embedded con-

ductive fabric, are given. It begins with a description of the materials and equipment

required during the preparation and the fabrication of the antenna. A bottom-up multi-
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layer fabrication approach is introduced for an easy integration of the antenna components

and accurate fabrication. Further, the chapter also contains the characterisation of the

mechanical and electrical properties of the PDMS-embedded conductive fabric, followed

by a first concept demonstration of the proposed approach using four simple inset-fed

rectangular patch antennas. The numerical results are presented in comparison with the

measured results.

In Chapter 3, a novel dual-band dual-mode antenna realised using the PDMS-embedded

conductive fabric technology is presented as the next concept demonstration. Firstly, a

state-of-the-art dual-band dual-mode antenna is briefly described to highlight the novelty

of the proposed design. Then, the new technique of achieving dual-band dual-mode op-

eration is discussed clearly. In the rest of the chapter, the numerical and experimental

investigations of the antenna performance, both in free-space and on-body environments,

are presented. The experimental investigations include the repetitive severe bending tests

of the fabricated prototype using PDMS-embedded conductive fabric technology in com-

parison with its counterpart where the conductive fabric is simply adhered on the surface

of the PDMS susbtrate. This chapter also contains the fabrication and characterisation

of two UWB human-muscle equivalent phantoms used for the on-body performance eval-

uation of all the wearable antennas developed in this thesis.

In Chapter 4, a new flexible planar UWB wearable antenna is proposed. The de-

sign was fabricated via PDMS-embedded conductive-fabric technology to demonstrate

the applicability of this fabrication technique for UWB and high-frequency applications.

The chapter starts with a state-of-the-art flexible planar UWB antenna, highlighting their

common characteristic of having high back radiation which is undesirable for wearable ap-

plications. Following that, the proposed design which has a full ground plane on the back

of the radiator is presented in detail as the solution to the aforementioned problem. The

approach utilised to achieve an ultra-wide bandwidth out of an inherently narrow-band
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microstrip type antenna is also discussed. The rest of the chapter studies the antenna per-

formance numerically and experimentally, in both free-space and on-body environments.

The experimental evaluations include bending tests on the fabricated UWB phantom.

This chapter also contains a numerical evaluation of the antenna System Fidelity Factor

(SFF) to justify its capability for UWB-pulse transmission.

In Chapter 5, a method to realise robust flexible electronically tunable antennas us-

ing PDMS-embedded conductive fabric is proposed. This chapter expands further the

application of the PDMS-embedded conductive fabric in wearable antennas realisations.

Before presenting the design of a new frequency-reconfigurable antenna which was devel-

oped to demonstrate the proposed method, this chapter starts with a brief state-of-the-art

flexible electronically tunable antenna. An approach to miniaturise a PDMS-embedded

conductive-fabric antenna through inclusion of a PDMS-ceramic composite substrate is

also presented in this chapter. The method was applied to the proposed frequency-

reconfigurable antenna as an application example. The rest of the chapter contains the

numerical and experimental investigations, both in free-space and on-body environments,

on the performance of the frequency-reconfigurable antenna compared to its miniaturised

version. The experimental investigations include the bending tests, machine-washing

tests, and Specific Absorption Ratio (SAR) measurements.

Finally, in Chapter 6 a summary of the key research findings of this thesis and con-

cluding remarks are drawn, along with some guidelines for future work.

1.4 Thesis Contribution

This thesis contributes to the area of wearable antenna design and fabrication in several

ways. The first contribution is the development of a new approach to realise robust flexi-

ble wearable antennas utilising conductive fabric and PDMS. This approach is relatively

simple yet effective to achieve a strong integration of the conductive fabric and PDMS
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that leads to its withstanding very harsh operating conditions. The details of the pro-

posed approach are presented in Chapter 2, of which the results have been reported in

some conference papers and also have been submitted for possible publication in a journal

as listed below:

• R. B. V. B. Simorangkir, Y. Yang, and K. P. Esselle, ”Robust implementation of

flexible wearable antennas with PDMS-embedded conductive fabric,” 12th European

Conference on Antennas and Propagation (EuCAP), Apr. 2018 (Accepted).

• R. B. V. B. Simorangkir, S. Feng, A. S. Md. Sayem, K. P. Esselle, and Y. Yang,

”PDMS-embedded conductive fabric: A simple solution for fabricating PDMS-based

wearable antennas with robust performance,” 12th Int. Symposium on Medical In-

formation and Communication Technology (ISMICT), Mar. 2018 (Accepted).

• R. B. V. B. Simorangkir, Y. Yang, R. M. Hashmi, T. Bjorninen, and K. P. Esselle,

”Polydimethylsiloxane-embedded conductive fabric for realization of robust passive

and active flexible wearable antennas,” IEEE Access (Under review, submitted on

March 15, 2018).

The second contribution is the new design of a dual-band dual-mode wearable antenna.

As compared to previously reported dual-band dual-mode antennas, the design is much

simpler, using only a single circular patch fed by a simple probe feed. Instead of using two

different radiators, the dual-band dual-mode operation is achieved by utilising the inher-

ently generated higher-order transverse magnetic (TM) modes of the patch, which were

tuned with reactive loading techniques, namely a shorting pin and two arc-shaped slots.

Beside simplicity, the design has the advantage of having a full ground plane, providing a

high degree of isolation between antenna and body. Furthermore, developed with PDMS-

embedded conductive-fabric technology, the antenna fulfils the flexibility requirement of

wearable applications, in contrast to previous designs that were made of conventional rigid
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materials. The details of the antenna design and performance are presented in Chapter 3.

Some of the research outcomes have been published in the conference papers and journal

article listed below:

• R. B. V. B. Simorangkir, Y. Yang, and K. P. Esselle, ”Robust implementation of

flexible wearable antennas with PDMS-embedded conductive fabric,” 12th European

Conference on Antennas and Propagation (EuCAP), Apr. 2018 (Accepted).

• R. B. V. B. Simorangkir, Y. Yang, L. Matekovits, and K. P. Esselle, ”Dual-band

dual-mode textile antenna on PDMS substrate for body-centric communications,”

IEEE Antennas and Wireless Propagation Letters, vol. 16, pp. 677–680, 2017.

• R. B. V. B. Simorangkir, Y. Yang, K. P. Esselle, L. Matekovits, and S. M. Abbas,

”A simple dual-band dual-mode antenna for off-/on-body centric communications,”

in Proc. 10th European Conference on Antennas and Propagation (EuCAP), Apr.

2016, pp. 1–3.

The third contribution is the development of a novel planar flexible UWB antenna

design for wearable applications. The design was developed on a simple microstrip tech-

nology, maintaining a full ground plane on the other side of the radiator patches. Con-

sequently, the antenna is highly isolated from the human-body loading effect and pro-

vides less impact to the body tissue. This approach is significantly unique compared to

previously reported flexible planar UWB antennas, which generally have partial/modified

ground planes or coplanar waveguide topologies for an easy bandwidth enhancement. The

antenna is also suitable for UWB pulse transmission, verified through a system fidelity

factor analysis. Chapter 4 discuss the details of the antenna design and performance,

of which some outcomes have been reported in the conference papers and journal article

below:

• R. B. V. B. Simorangkir, A. Kiourti, and K. P. Esselle, ”UWB wearable antenna
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with full ground plane based on PDMS-embedded conductive fabric,” IEEE Anten-

nas and Wireless Propagation Letters, vol. 17, no. 3, pp. 493–496, 2018.

• R. B. V. B. Simorangkir, S. M. Abbas, and K. P. Esselle, ”A printed UWB antenna

with full ground plane for WBAN applications,” in Proc. 2016 International Work-

shop on Antenna Technology (iWAT), Feb. 2016, pp. 127–130.

• R. B. V. B. Simorangkir, S. M. Abbas, and K. P. Esselle, ”Robust wideband printed

antennas for body-centric communications,” in Proc. 10th International Conference

on Body Area Networks (BodyNets), Sept. 2015, pp. 107–109.

The fourth contribution is the development of a novel approach to realise a robust

flexible electronically tunable antenna for wearable applications; by extending the PDMS-

embedded conductive-fabric method presented in Chapter 2, electronic tuning components

were added to the body of the antenna before applying the PDMS encapsulation layers.

A novel frequency-reconfigurable patch antenna has been successfully developed with this

method and tested, demonstrating a consistent reconfigurability even after severe defor-

mations and machine washing. This approach, therefore, solves the challenge of having

a robust integration of lumped components to flexible materials, faced by previously re-

ported flexible reconfigurable antennas. The details of this approach are discussed in

Chapter 5. Part of the outcomes of this chapter have been published in the following

conference papers and journal article:

• R. B. V. B. Simorangkir, Y. Yang, and K. P. Esselle, ”Robust implementation of

flexible wearable antennas with PDMS-embedded conductive fabric,” 12th European

Conference on Antennas and Propagation (EuCAP), Apr. 2018 (Accepted).

• R. B. V. B. Simorangkir, Y. Yang, K. P. Esselle, and B. A. Zeb, ”A method to

realize robust flexible electronically tunable antennas using polymer-embedded con-

ductive fabric,” IEEE Transactions on Antennas and Propagation, vol. 66, no. 1,
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pp. 50–58, Jan. 2018.

• R. B. V. B. Simorangkir, Y. Yang, K. P. Esselle, and Y. Diao, ”A varactor-tuned

frequency reconfigurable fabric antenna embedded in polymer: assessment of suit-

ability for wearable applications,” in Proc. 2017 IEEE MTT-S Int. Microwave

Symposium (IMS), Jun. 2017, pp. 204–207.

The fifth contribution of this thesis is the miniaturisation technique of a PDMS-

embedded conductive-fabric-based antenna through inclusion of a PDMS-ceramic com-

posite substrate. The method was applied to the frequency-reconfigurable antenna devel-

oped in Chapter 5, leading to over 50% miniaturisation of the total size of the antenna.

The details of this approach are also discussed in Chapter 5. The related outcomes have

also been included in the submitted journal manuscript below:

• R. B. V. B. Simorangkir, Y. Yang, R. M. Hashmi, T. Bjorninen, and K. P. Esselle,

”Polydimethylsiloxane-embedded conductive fabric for realization of robust passive

and active flexible wearable antennas,” IEEE Access (Under review, submitted on

March 15, 2018).



CHAPTER

2 PDMS-Embedded Conductive

Fabric

2.1 Introduction

In this chapter, the details of the proposed PDMS-embedded conductive-fabric technology

are discussed. It begins with Section 2.2, where the description of materials, preparation

steps, and systematic process of conductive fabric inclusion inside PDMS are given. Then

in Section 2.3 a thorough characterisation of the mechanical and electrical properties of

PDMS-embedded conductive fabric is presented. The purposes are to provide valuable

insights into the mechanical robustness of this approach, the constraints associated with

selection of the conductive fabric for various parts of the antenna, and the effective mod-

elling of the antenna. Following that, the first application example used to demonstrate

the applicability of the proposed method for flexible antenna realisation is given in Section

2.4. The performance of the fabricated antenna is presented in Section 2.5 and a summary

of the chapter is provided in Section 2.6.

15
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2.2 Materials and Method

2.2.1 Conductive Fabric and Poydimethylsiloxane (PDMS)

For the realisation of the antenna substrate and the complete encapsulation of the antenna,

PDMS was chosen over other polymer materials due to its unique characteristics described

as follows. First and foremost, PDMS has a remarkably low Young’s modulus which

indicates extremely high flexibility and stretchability compared to any other polymers

[?,48]. It also has an acceptable loss in the microwave region with an easy-to-tune relative

permittivity value [49], making it attractive for modern RF applications. Unlike most

polymers, the preparation of PDMS can be done in a room temperature through a simple

and a low-cost process [34]. In addition to that, the molecular structure of PDMS renders

it unique properties of water-resistance, heat-resistance (up to 400◦C), ultraviolet-rays

resistance, and chemical stability, which make PDMS resilient to extreme environments

[50, 51].

On the other hand, for the antenna conductive parts, i.e. the ground plane and

patch, woven conductive fabrics are considered for their higher and isotropic effective

conductivity, compared to those of knitted conductive fabrics [6]. Fig. 2.1 illustrates

the regular patterns of the woven conductive fabric used. Entirely plated multifilament

threads intertwine with each other in a one-to-one ratio between the vertical and horizontal

directions, and the distance between adjacent groups of threads is very small, less than

0.04 mm, thus allowing a good resemblance to a solid metallic plate [52]. There are four

different conductive fabrics considered in this work, named CF I, II, III, and IV, the

details of which are listed in Table 2.1. The information about the fabrics was gathered

from the datasheets provided by the manufacturers, Marktek Inc. and Less EMF Inc.

The major differences between the fabrics are their thicknesses, the composition of the
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Figure 2.1: Regular pattern of woven conductive fabric.

Table 2.1: Conductive Fabrics Investigated in this Work

Type Composition Thickness (mm) σ (S/m)

CF I nickel-copper-silver coated nylon ripstop 0.13 7.7×105

CF II copper coated polyester taffeta 0.08 2.5×105

CF III nickel-copper coated ripstop 0.08 4.2×105

CF IV silver coated ripstop 0.05 8×104

Note σ = effective conductivity
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metal coating on the threads, and the threads density, which lead to different effective

conductivities, affecting the performance of the fabricated antenna.

A Dow Corning Sylgard 184 silicone elastomer kit was employed for preparation of

PDMS layers. Firstly, the base and the curing agent of the kit were mixed at room

temperature in a ratio of 10 to 1, followed by degassing the mixed solution in a vacuum

desiccator to remove bubbles possibly formed during the mixing. Afterwards, the bubble-

free solution was tape-casted or poured into the target mould, to ensure the desired

thickness of the PDMS layers. If necessary, the degassing process can be repeated to

ensure that no air bubbles are left inside the solution. The last step was the curing of the

solution, that can be done at room temperature for 24 hours or at an elevated temperature

(65◦C for 2 hours) to expedite the polymerisation.

A PDMS-ceramic composite solution was also prepared, which was applied during one

of the antenna demonstrations in Section IV. The solution was prepared by homogeneously

dispersing ceramic powders into the PDMS solution [49]. Strontium Titanate (SrTiO3)

ceramic powder was used in this work owing to its very high relative permittivity of 270

and a low loss tangent, below 0.001 at microwave frequencies [53, 54]. Depending on

the volume concentration of the SrTiO3 mixed to the solution, the electrical properties

of the PDMS can be tuned as shown by the measurement results in Figs 2.2(a) and (b),

obtained using an Agilent 85070E Dielectric Probe Kit. It is interesting to note in Fig. 2.2

the significant increase in the relative permittivity of PDMS the more ceramic powder

that is added, yet with a marginal change in the loss. With 30% volume of SrTiO3,

a relative permittivity of up to 9.4 can be obtained. A higher permittivity could be

achieved by adding more ceramic powder, but at the expense of reduced flexibility and

more complicated fabrication process [55]. During the fabrication, it was observed that

with more than 30% volume of SrTiO3 ceramic powder the mixture becomes thicker, and

thus harder to mix homogeneously.
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Figure 2.2: Measured electrical properties of PDMS at different volume ratio of SrTiO3 loading.

(a) Relative permittivity. (b) Loss tangent.
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2.2.2 Embedding Conductive Fabric inside PDMS

The process of embedding the conductive fabric inside the PDMS layer to build the

antenna is done through a multilayer fabrication approach depicted in Fig. 2.3. It starts

from the bottom and goes to the top encapsulation layer for an easy integration of each

part of the design. Generally, the process can be divided into the following steps.

1. Prepare the solutions, moulds, base, and cut the conductive fabric manually follow-

ing the dimensions of the antenna.

2. Attach the first mould to the base with a silicone sealant, pour the PDMS solution

into the mould, degas in a vacuum desiccator for approximately 30 minutes, and

then cure in an oven at 65◦C for about 2 hours.

3. Attach the ground plane on top of the cured bottom encapsulation layer with a thin

uncured PDMS solution, repel the bubbles occurring between them, and cure in the

oven at 75◦C for 20 minutes.

4. Repeat Step 2 with the second mould to make the middle PDMS layer.

5. Repeat Step 3 for the main patch.

6. Repeat Step 2 with the third mould to make the top encapsulation layer.

7. Peel carefully the prototype from the mould. If necessary, trim the excess PDMS

layers from the edges of the antenna.

Taking advantage of the initial liquid state of PDMS, customised ring-shaped moulds

made out of commercial laminates from Taconic with the required thicknesses were used,

into which the PDMS solution was poured to guarantee the accuracy of the thickness

of each layer. To make the mould, a rectangular aperture that is big enough to contain

the design was made on each laminate. To achieve good PDMS-PDMS layer bonding,
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Figure 2.3: Schematic illustration of the fabrication process of the PDMS-embedded

conductive-fabric based antennas. The numbers represent the order of the process.
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the PDMS solution was directly poured and cured over a cured PDMS layer during the

multilayer fabrication [56].

The bottom and top encapsulation layers were cut slightly at the edges of the trans-

mission lines, to be able to attach a SubMiniature Version A (SMA) connector for mea-

surement purposes. The attachment was done by means of silver epoxy, and to cure it

the antenna was left again in the oven at 65◦C for another 1 hour.

2.3 Characteristics of PDMS-Embedded Conductive Fab-

ric

Before applying the proposed PDMS-embedded conductive fabric technology to the an-

tenna design, the characterisation of its mechanical and electrical properties was carried

out, and the results are discussed in this section.

2.3.1 Mechanical Characterisation

To investigate the mechanical properties of the PDMS-embedded conductive fabric, four

samples out of the four different conductive fabrics listed in Table 2.1 were fabricated

through the antenna fabrication process described before. For validation purposes, three

prototypes were made for each type of sample, all with the same dimensions as depicted

in Fig. 2.4(a). To highlight the advantage of this approach compared with previously

reported work, where the conductive fabrics were attached on the surface of the PDMS

substrate [25–27], a non-encapsulation-layer version of all samples was also prepared as

illustrated in Fig. 2.4(b).
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Figure 2.4: Illustration of the samples, when: (a) the conductive fabric is embedded inside the

PDMS, (b) the conductive fabric is simply attached on the PDMS surface. All dimensions are

in millimetres.

As illustrated in Fig. 2.5(a), all of the samples were subjected to a set of mechan-

ical stress tests including severe rolling, twisting, and bending, each repeated 50 times.

The tests were conducted in two cycles, and comparisons between the samples before

and after each test cycle are given in Figs 2.5(b) and (c). The results show that the

PDMS-embedded conductive fabric approach provides a significantly improved physical

robustness compared to the previous method of attaching the conductive fabric on the

surface of a PDMS layer. During the tests, it was observed that without the PDMS encap-

sulation layer the tendency of the fabric to detach from the substrate, often starting from

the edge and expanding further to the whole part of the fabric, is still very high, resulting

in what is shown in Fig. 2.5(c). These results also indicate that samples fabricated with

the previous method may not endure washing.
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Figure 2.5: (a) Illustration of mechanical testing scenarios which consist of two cycles of repet-

itive deformations. Photograph of the samples before and after tests, when: (b) the conductive

fabric is embedded inside the PDMS layer; (c) the conductive fabric is simply attached on top

of the PDMS layer.
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2.3.2 Stability due to Structural Characteristics

The mechanism behind the mechanical robustness of the PDMS-embedded conductive

fabric approach can be explained as follows: the porous surface of the conductive fabric

allows the PDMS in its initial liquid form to penetrate through the conductive fabric and

bond with the PDMS encapsulation layer on the other side of the conductive fabric. This

phenomenon can be seen clearly in Fig. 2.6, where a small piece of the sample, with

conductive fabric embedded inside the PDMS layer, was torn partly on the top layer and

observed under a scanning electron microscope (SEM). Normally, the adhesion between

PDMS and conductive elements like metals is weak [25, 43]. However, with the extra

support from the PDMS-PDMS layer adhesion created through the pores of the fabric,

which is much stronger than that of the PDMS and conductive fabric, a better structural

integration is obtained, thus allowing the structure to stand against severe deformations.

As an implication, the mechanical stability of the PDMS-embedded conductive fabric

depends upon the porosity of the conductive fabric, as it determines the amount of PDMS-

PDMS layer bonding that can be achieved across the fabric. In Figs 2.7(a)–(d) photos of

the four conductive fabrics under a fluorescence microscope with ten times magnification

are given. The figures show an increasing porosity from CF I to CF IV. This explains the

mechanical testing results in Fig. 2.5(b), where the mechanical robustness of the sample

increases from CF I to CF IV. It is determined by the amount of white mark across the

samples, that decreases from CF I to CF IV. The white mark indicates the gap formed

between the conductive fabric and PDMS due to repeated severe deformations. Although

for some combinations the gap can still appear, it is worth noting that in this approach the

conductive fabric still retains its electrical connectivity as it does not suffer from the crack

formation as in a flexible PCB substrate under severe bending. Moreover, in contrast to

the samples fabricated with previous methods (Fig. 2.5(c)), the conductive fabric remains

inside the PDMS layer, thus is still protected from being peeled off or washed away.
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Figure 2.6: SEM image view of a PDMS-embedded conductive fabric sample.

(a) (b)

(c) (d)

Figure 2.7: Photograph of the conductive fabric under a fluorescence microscope. (a) CF I. (b)

CF II. (c) CF III. (d) CF IV.
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2.3.3 Electrical Properties

To characterise the electrical properties of the PDMS-embedded conductive fabric, four

50 Ω microstrip transmission lines having the dimensions shown in Fig. 2.8(a) were

fabricated and measured. The fabricated prototypes are shown in Fig. 2.8(b). Additional

loss in the conductive part was observed, likely caused by the PDMS penetration into the

conductive fabric, and therefore needs to be considered during the simulation to attain an

accurate design. To do that, the effective conductivity of the conductive fabric which was

modelled in the Computer Simulation Technology (CST) Microwave Studio 2016 using a

box with the fabric thickness, was adjusted until the best match between the simulated

and measured |S|-parameters was achieved [57]. For better accuracy, the values were

also validated using the T-resonators [58] shown in Figs 2.9(a) and (b), designed and

fabricated using the PDMS-embedded conductive fabric. The effective conductivity was

adjusted until the resonance in simulation matches well with that of the measurement, as

shown in Figs 2.10(a)–(d).

(a)
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Conductive fabric

3.2 0.76
1.52
0.76

50

21

2

CF I CF II

CF III CF IV

(b)

Figure 2.8: PDMS-embedded conductive fabric transmission lines. (a) Design (All dimensions

are in millimetres). (b) Photograph of prototypes fabricated with four different conductive

fabrics.
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Figure 2.9: PDMS-embedded conductive fabric T-resonators. (a) Design (All dimensions are

in millimetres). (b) Photograph of prototypes fabricated with four different conductive fabrics.
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embedded conductive fabric T-resonators with (a) CF I, (b) CF II, (c) CF III, and (d) CF IV.
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Table 2.2: Adjusted Effective Conductivity Used to Model the Conductive Fabrics Embedded

in PDMS

Conductive Fabric Type Adjusted σ (S/m)

CF I 1.02×105

CF II 5×104

CF III 5.4×104

CF IV 4.8×103

Note: σ = effective conductivity

The comparison between the simulated and measured |S|-parameters of the transmis-

sion lines after adjusting the effective conductivity value is shown in Figs 2.11(a) and (b).

For all prototypes the return loss is above 16 dB over the whole observation band, and as

expected the insertion loss varies, indicating the different conductivity of each conductive

fabric used. The adjusted conductivity values, which are lower than those of the plain

conductive fabric provided in the datasheet, are given in Table 2.2. These are the values

which were applied to model the conductive fabric embedded in PDMS during the antenna

design stage. As can be seen, CF I appears to have the highest conductivity, whereas CF

IV has the lowest conductivity.

From both mechanical and electrical characterisations, it can be implied that, in prin-

ciple, any conductive fabric can be utilised to realise a PDMS-embedded conductive fabric

based antenna. However, there will always be a trade-off between mechanical robustness

and RF performance of the fabricated antenna, which is strongly dependent on the me-

chanical and electrical properties of the conductive fabric. As previously shown, generally,

the conductive fabric with superior attachment to the PDMS, performs electrically worse,

and vice versa. To achieve both excellent mechanical and RF performance is a challenge
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Figure 2.12: Patch antenna design for concept demonstration.
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Figure 2.13: Patch antennas fabricated with four different conductive fabrics.

that is left for future work.

2.4 PDMS-Embedded Conductive Fabric in Realisation

of Flexible Antennas

To validate the applicability of the proposed approach for realisation of conformal anten-

nas, the combinations of PDMS and the four conductive fabrics used before were applied

to an inset-fed rectangular patch antenna design illustrated in Fig. 2.12. Each conductive

fabric acts as the patch and ground-plane layers of the antenna, whereas PDMS layers are

used as the substrate and encapsulation that fully covers the antenna. For each combina-
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tion, the antenna was optimised to have a fundamental-mode operation at the Industrial,

Scientific, and Medical (ISM) 2.45 GHz and fabricated through the same bottom-up mul-

tilayer approach described in Section 2.2.2. The photograph of fabricated prototypes are

shown in Fig. 2.13. The final dimensions of the antennas are given in Table 2.3.

Table 2.3: Detailed Dimensions of Patch Antennas Designed with Four Different Conductive

Fabrics

Antenna Dimension (mm)
Parameter

CF I CF II CF III CF IV

ws 50.3 50.3 50.3 50.3

ls 59.6 59.5 59.5 58.7

wg 42.3 42.3 42.3 42.3

lg 55.6 55.5 55.5 54.7

wp 22.3 22.3 22.3 22.3

lp 35.6 35.5 35.5 34.7

wt 3 3 3 3

lt 21 19 19 13.5

ip 11 9 9 3.5

g 1 1 1 1

ht 0.76 0.76 0.76 0.76

hs 2.5 2.5 2.5 2.5

hb 0.2 0.2 0.2 0.2
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Figs 2.14(a)–(b) show the effect of the encapsulation layers on the performance of the

antenna, using the CF I patch antenna as the example. As can be seen, the bottom

encapsulation layer does not have any impact on the antenna performance, whereas the

PDMS layer added on top of the antenna causes a down shift in the resonance frequency,

or equivalently helps in reducing the patch size slightly. This phenomenon is expected,

since adding a dielectric material on top of the antenna causes a decrease in the guided

wavelength which thus increases the electrical length of the patch and hence a decrease

in the resonance frequency [59]. In addition to that, a minor decrease in the peak gain is

also noticed after adding the top encapsulation layer, which is attributed to the extra loss

from the PDMS layer. However, this can be minimised by using a thinner encapsulation

layer.
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Figure 2.14: The effect of encapsulation layers to the performance of the antenna: (a) S11. (b)

Peak gain and total efficiency. Simulated results of CF I patch antenna are used as an example.
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2.5 Measurements and Results

The RF performance of all prototypes was characterised, covering |S11| measurements us-

ing the Agilent PNA-X N5242A, calibrated with an electronic calibration module N4691B

from Keysight, and far-field measurements in the NSI700S-50 spherical near-field antenna

range at the Australian Antenna Measurement Facility (AusAMF), Marsfield. For the

|S11| performance, the measurements were conducted when the antennas were flat and

bent around a plastic tube having a radius of 35 mm (see Fig. 2.15). Special care has

been taken while bending the antennas to maintain the connection between the SMA and

the feeding line.

AUT

To PNA

To PNA

AUT

Plastic tube

Bent along 
H-plane 

Bent along 
E-plane 

Figure 2.15: Illustration of bending the antenna around the plastic tube.
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2.5.1 Input Matching

As shown in Figs 2.16(a)–(d), there is a good agreement between the measured |S11| results

and those of the simulations. The fabricated prototypes have a resonance approximately

at 2.46 GHz with a 10-dB return-loss bandwidth ranging from 3.3 to 5.7%. The minor

differences between the simulated and measured results might be caused by the fabrica-

tion error during the manual cutting of the fabric, especially CF IV whose edges easily

suffered from fraying. When the antennas were bent around the plastic tube, the antennas

remained functional despite slight shifts in their resonance frequencies, especially during

bending along the E-plane of the antenna (see Figs 2.16(a)–(d)). This is expected as it

affects the main current path of the antenna. However, most importantly as demonstrated

before, the conductive fabric remains intact inside the PDMS encapsulation.

2.5.2 Far-Field Characteristics

The desired boresight radiations are achieved from all prototypes with a good agreement

between the measured and simulated results (see Figs 2.17(a)–(d)). The gains and to-

tal efficiencies of all prototypes, measured at their resonance frequencies, are given in

Table 2.4, and again agree well with the simulated results. As expected, the antenna

fabricated with CF I has the highest efficiency and gain, whereas the one with CF IV has

the lowest efficiency and gain.
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Figure 2.16: Simulated and measured |S11| of the prototype with: (a) CF I, (b) CF II, (c) CF

III, and (d) CF IV.
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Figure 2.17: Normalised simulated and measured radiation patterns of the prototype with: (a)

CF I, (b) CF II, (c) CF III, and (d) CF IV.
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Table 2.4: Summary of the Antenna Prototypes’ Peak Gains and Total Efficiencies in Free

Space

Gain (dBi) Tot. Eff.(%)
Antenna

Sim. Meas. Sim. Meas.

CF I 1.85 1.75 36.3 35.6

CF II 1.47 1.36 33.1 31.5

CF III 1.53 1.45 33.6 32.1

CF IV −0.74 −0.82 20.1 19.7

2.6 Summary

A simple yet effective approach for realising flexible and mechanically robust wearable

antennas is presented. The method combines the conductive fabric used to form the

conducting parts of the antenna with PDMS that acts simultaneously as a substrate and

encapsulation layers. The mechanical and electrical properties of such combinations of

materials have been investigated experimentally. It was shown that, by embedding the

conductive fabric inside the PDMS, a stronger integration between them can be achieved,

thanks to the PDMS-PDMS bonding formed through the pores of the fabric. There is

a trade-off between mechanical stability and radiation performance when selecting the

conductive fabric for the antenna design. The fabric with high porosity leads to a more

resilient antenna against physical deformations, but it suffers from low total efficiency due

to the low effective conductivity. It was also observed that the penetration of PDMS into

the fabric needs to be considered in the simulation to obtain an accurate antenna design.

The proposed approach was validated by studying the performance of fabricated rect-
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angular patch antennas. A good agreement between the simulated and measured results

showed that the materials and methods involved allow reliable antenna optimisation using

regular modelling approaches. In the next chapters, more application examples are given

to further validate the applicability of the proposed approach for antenna realisation.



CHAPTER

3 Simple Dual-Band Dual-Mode

Wearable Antenna based on

PDMS-Embedded Conductive

Fabric

3.1 Introduction and State of the Art

In certain applications such as a health-care monitoring system, wearable devices may

be required to be able to communicate not only with remote terminals outside the body

(off-body channel), but also with other wearable devices located on the user’s body (on-

body channel). Consequently, there is a need for wearable antennas which can provide

different radiation characteristics in different bands, for instance: a patch-like radiation

in one band for an off-body link and a monopole-like radiation in the other band for an

on-body link.

A number of such wearable antennas have been proposed recently: a circular patch

antenna arranged concentrically with a shorted annular ring antenna [60] or with a

metamaterial-based loop antenna [61]; a half-circular patch antenna loaded with two

41
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(c)

(b)(a)

(d)

Bottom viewTop view

Bottom viewTop viewBottom viewTop view

Figure 3.1: Previously reported dual-band dual-mode antenna designs. (a) [60]. (b) [61]. (c)

[62]. (d) [63].

shorting pins and a slot on the ground [62]; and a shorted circular patch antenna in-

corporated with a T-shaped patch antenna and some parasitic patches on the opposite

side of the substrate [63]. Generally, the dual-band dual-mode operation was achieved

previously by integrating two radiators, fed by a single or two-port system, where each

radiator operates at a different frequency and provides a different radiation pattern (see

Figs 3.1(a)–(d)). Furthermore, they were made of conventional rigid materials which

limits their application for wearable systems.

In this chapter, with the motivation to reduce design complexity and improve the

wearability issues faced by the previous designs [60–63], a new dual-band dual-mode

antenna design realised with the proposed PDMS-embedded conductive-fabric technology

is presented. Instead of using two different radiators, the off- and on-body modes are
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achieved by utilising the inherently generated TM11 and TM02 modes of a single probe-

fed circular patch antenna. The antenna configuration and the fabricated prototype are

presented in Section 3.2. Following that, in Section 3.3 the antenna performance is shown

in both free space and the on-body environment. A summary in Section 3.4 concludes

this chapter.

3.2 Design of Dual-Band Dual-Mode Antenna

The proposed antenna, as shown in Fig. 3.2, is based on a conventional circular-patch

antenna configuration. A circular patch with a radius of rc is at the top of the PDMS

substrate, while a full ground plane with a radius of rg is maintained on its opposite side.

Based on the analysis in Section 2.3, CF I was utilised for realising the patch layer due

to having the highest conductivity of the four conductive fabrics. Concurrently, CF III

was used as the ground plane. The latter choice was because of its higher porosity, with

a better conductivity than CF IV, which is, in turn, beneficial for the PDMS-fabric ad-

herence over such a large area like the entire ground plane. The full PDMS encapsulation

x
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ht hbhs
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of

rg

rc

rl

rs

slsl

Top
view

Side
view

Shorting
pin
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Patch

PDMS

Conductive fabric

Figure 3.2: Detailed geometry of the proposed dual-band dual-mode antenna.
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layers are then applied to the antenna (i.e., PDMS layers are added on top of the radiator

and ground plane, respectively). A 50 Ω coaxial probe is used to feed the antenna at an

offset of of from the centre of the patch.

The circular-patch antenna is intended to operate in its TM11 and TM02 modes at the

target frequencies of 2.45 and 5.8 GHz, respectively, as these two modes are known for

their patch and monopole-like radiations, respectively [64]. In so doing, the dual-band

dual-mode antenna can be developed with only one simple radiator and feed. However,

it is known that, for a given geometry of the patch, all generated resonance frequencies

corresponding to the various modes are related in fixed ratios, thus providing no possibility

of dual-band operation at arbitrary frequencies [65].

To overcome the above-mentioned limitation, reactive loading in the form of a shorting

pin and two arc-shaped slots [65] was introduced to the patch. To maintain the simplicity

of the structure, only one pin was considered in this design, and was placed at a radial

distance of op from the centre of the patch, but towards the opposite direction of the feed

point. The two arc-shaped slots were positioned symmetrically with respect to the centre

of the patch. The simultaneous use of the shorting pin and arc-shaped slots allows tuning

of the resonances of both target modes, as it modifies the current path on the patch. It

can be seen from Fig. 3.3(a) that, when the pin is placed further from the centre of the

patch, the first mode’s resonance frequency increases while the second mode’s resonance

frequency decreases slightly. On the other hand, as shown in Figs 3.3(b) and (c), when

the width or the length of the slots increases, the resonance frequency of both modes

decreases. The change in the width of the slots gives a more significant effect in the first

mode, while the change in the length of the slots gives a more significant effect in the

second mode. The real part of the input impedance may also be varied by tuning the

position of the pin, the width and the length of the slots, which suggests a change in the

antenna’s impedance matching.
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Figure 3.3: Simulated input impedance for (a) various positions of the pin (op) when α = 40◦

and sl = 1.5 mm; (b) various widths of the slots (sl) when α = 40◦ and op = 3.9 mm; (c) various

lengths of the slots (α) when sl = 1.5 mm and op = 3.9 mm.
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Table 3.1: Dimensions of the Proposed Dual-Band Dual-Mode Antenna

Parameter Dimension

α 40◦

op 3.9 mm

of 6.5 mm

rf 0.64 mm

rp 0.64 mm

sl 1.5 mm

rl 16.9 mm

Parameter Dimension

rc 19.2 mm

rg 34 mm

rs 35 mm

ht 0.2 mm

hs 3 mm

hb 0.2 mm

With the aid of full-wave simulations in CST Microwave Studio 2016, the optimum

design of the antenna is obtained and given in Table 3.1. The current distribution of the

proposed antenna and the corresponding electric field are illustrated in Figs 3.4(a) and

(b), confirming that the antenna operates in the TM11 and TM02 modes at 2.45 and 5.8

GHz, respectively [64]. It is noted that the current paths are perturbed around the pin

and arc-slots which explains the mechanism of the mode’s resonance tuning stated before.

Through the process described in Section 2.2.2, the antenna prototype was realised.

Three circular moulds, each having diameter and depth following the total diameter and

thickness of each PDMS layer, was used to ensure fabrication accuracy. For the realisation

of the shorting pin, a copper pin was inserted into the cured PDMS and connected to

both the patch and ground plane using a silver epoxy. The same treatment was applied

for connecting the SMA from the underside of the substrate. A small 90◦ bent SMA

was utilised for ease of measurement on the phantoms. A photograph of the fabricated

prototype is shown in Fig. 3.5.
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Figure 3.5: Photographs of the fabricated dual-band dual-mode antenna.
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3.3 Dual-Band Dual-Mode Antenna Performance

3.3.1 Experimental Setup

The performance of the antenna was validated experimentally in both free space and an

on-body environment. The |S11| measurements were conducted using an Agilent PNA-X

N5242A network analyser, which was calibrated using an electronic calibration module

N4691B from Keysight. For the far-field characterisation, the measurements were done

in the NSI700S-50 spherical near-field antenna range at the AusAMF, Marsfield.

For on-body measurements, two UWB homogeneous human-muscle equivalent phan-

toms were fabricated. One is a flat phantom with dimensions of 200 mm × 200 mm ×

50 mm (Fig. 3.6(a)) and the other is a human-shaped phantom (Fig. 3.6(b)). The first

was utilised to investigate the loading effects of the lossy body tissue on the antenna per-

formance, while the second was utilised to investigate any performance degradation when

the antenna was conformed to the body shape in several locations to resemble realistic

wearing scenarios. The muscle-tissue emulating solution for the phantom was prepared

following the procedure described below [66]. The materials employed are: deionised

water (85.15%) as the main constituent; agar (2.64%) for shape retention; polyethylene

powder (PEP) (10.52%) for complex permittivity tuning; sodium chloride (0.18%) for

conductivity tuning; TX-151 (1.46%) as a viscosity improver for ease of mixing the PEP

and agar; and sodium dehydroacetate (0.05%) as the preservative. These were combined

as follows:

1. Heat deionised water in a kettle until boiled then pour it in a beaker glass for mixing.

2. Quickly put sodium dehydroacetate, sodium chloride, and agar into the water and

stir.
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Figure 3.6: On-phantom |S11| measurement setup. (a) The antenna mounted on top of the

flat UWB phantom. (b) The antenna wrapped around the wrist of the human-shaped UWB

phantom in two different bending configurations.

3. Sprinkle TX-151 into the mixture and quickly mix uniformly.

4. Lastly, add PEP little by little to the mixture and mix uniformly.

To make the flat phantom, the phantom solution was poured into a 200 mm × 200 mm

× 50 mm mould. After solidification, it was taken out from the mould and wrapped with

a plastic film to prevent it from drying. On the other hand, the human-body shaped

phantom was prepared by pouring the solution into a hollow human mannequin made
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Figure 3.7: Electrical properties of the UWB phantoms.

out of plastic, which has a thickness of 1.5 mm and a total volume of 33 L. The solution

was left to solidify inside the mannequin and all holes on the mannequin were covered by

plastic film to avoid water evaporation. The electrical properties of the UWB phantom

measured using the Agilent 85070E Dielectric Probe Kit are given in Fig. 3.7, and mimic

quite well the electrical properties of human muscle over a very wide frequency range.

These properties are close to the data given in [67]. During the measurement on the flat

phantom, the antenna was placed 5 mm above the phantom. This distance emulates the

actual placement of the antenna on a human body with clothing. A block of foam was

inserted to maintain the gap between the antenna and the flat phantom.

Prior to the measurements, the antenna performance was simulated with both one-

layer (homogeneous muscle equivalent) and three-layer (skin-fat-muscle) phantoms (Fig.

3.8(a)) using the tissue properties from [67]. The three-layer phantom represents 1 mm

thick skin, 3 mm thick fat, and 46 mm thick muscle, giving a total thickness equal to the

flat homogeneous phantom used in the measurements. The width and length of the three-
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layer phantom are also equal to those of the homogeneous phantom. We compared the

results for the three-layer and homogeneous phantoms and observed that the |S11| values

are nearly identical, and the differences in peak gains are less than 0.4 dB in both bands

as can be seen in Fig. 3.8(b). Considering these minor differences as well as the simplicity

of the phantom fabrication, the homogeneous phantom was considered adequate for the

experimental demonstration.
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Figure 3.8: (a) The proposed antenna on top of the multi-layer phantom. (b) Performance

(|S11| and peak gains) of the antenna when placed 5 mm above the multi-layer and one-layer

phantoms.
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3.3.2 Input Matching

The simulated and measured |S11| of the proposed antenna when placed in free space

and on the flat phantom are shown in Fig. 3.9(a) and are in good agreement. The slight

resonance frequency shifts of around 5 MHz in the measured results might be attributed to

the tolerances of fabrication (during the manual cutting of the fabrics and inclusion of the

shorting pin) and the variations in the material properties of the antenna and fabricated

phantom. It can be seen that the reflection coefficients when measured on the phantom

are nearly identical to those in free space, which validates the high degree of isolation

from the body due to the full ground plane. In free space, the measured 10-dB return-loss

bandwidth is 85 MHz (2.409–2.494 GHz) in the first band and 354 MHz (5.59–5.944 GHz)

in the second band, while on the phantom it is 87 MHz (2.407–2.494 GHz) in the first

band and 339 MHz (5.581–5.92 GHz) in the second band.

The antenna was also tested under several bending conditions to highlight the physical

robustness of the proposed method for conformal wearable systems. This was done by

wrapping the antenna on the phantom’s wrist, having a radius of 28 mm, both along

the x-axis and y-axis directions, as illustrated in Fig. 3.6(b). The |S11| performance for

each bending configuration is compared with that of the unbent antenna in Fig. 3.9(b).

As expected due to the alteration in the electrical length of the antenna, the resonances

in the first and second bands are shifted. The same results are also reported in [68].

Despite these variations, the antenna fabricated with PDMS-embedded conductive fabric

is more robust against severe deformation. It was observed during the tests that, for

the prototype fabricated by simply attaching the conductive fabric to the PDMS surface,

there is still a high possibility of conductive-fabric detachment from the substrate, which

is attributed to the absence of the encapsulation layer. For comparison, the photograph

of the prototypes with and without encapsulation after repetitive bendings (50 times)
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Figure 3.10: Photographs of dual-band dual-mode antenna before and after 50 times bendings:

(a) Prototype fabricated without encapsulation. (b) Prototype fabricated with encapsulation.

around the phantom’s wrist are shown in Figs 3.10(a) and (b). The white marks across

the ground plane, that are mainly found in Fig. 3.10(a) after bendings, indicate the zones

where the conductive fabric no longer adheres to the PDMS substrate.

3.3.3 Dual-Mode Radiation

The measured far-field patterns of the unbent antenna, both with and without the flat

phantom, at the resonance frequencies of 2.45 and 5.8 GHz are compared with the sim-

ulated patterns in Figs 3.11(a) and (b). The proposed dual-band dual-mode antenna

functions with a good agreement between the simulated and measured patterns in both

bands, as can be seen clearly in the results. At 2.45 GHz the antenna produces a patch-

like radiation which is suitable for off-body communications, while at 5.8 GHz it gives a

monopole-like radiation which is desirable for on-body communications.
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Figure 3.11: Normalised simulated and measured radiation patterns at 2.45 and 5.8 GHz. (a) In free space. (b) On the flat

phantom.
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Compared to Fig. 3.11(a), a considerable decrease in the backward radiation in both

bands can be seen in Fig. 3.11(b), due to the presence of the phantom. Thanks to the

full ground plane, the antenna is well isolated from the phantom. This is indicated by

the peak gains in Fig. 3.12, which are quite stable even when the antenna is placed very

close to the phantom. Peak gains of 3.85 and 3.64 dBi, respectively, are achieved in the

first and second bands when measured in free space. On the flat phantom, the peak gain

decreases slightly to 3.14 dBi for the first band and increases to 4.41 dBi for the second

band.

The decrease in the antenna gain in the first band can be understood, as the E-fields

with polarisation parallel to the body (TM11 mode) couple more to the body than the

vertically-polarised ones (TM02 mode) [69]. This leads to a higher loss in the first band,

which is more significant than the imaginary reflection effect from the phantom. Total

efficiencies of up to 41.3% in the first band and up to 45.7% in the second band are

obtained from the measurements on the flat phantom. These efficiencies are only 7.2%

and 4.9% lower than those in free space, which further confirms the isolation provided by

the full ground plane.

The effect of physical deformation to the antenna’s dual-mode radiation was also

investigated numerically. The antenna was bent around a cylindrical-shaped human-

muscle equivalent phantom having a radius of 50 mm and a height of 200 mm, with 5 mm

gap maintained between the two. The simulation was done in both bending scenarios, i.e.

along the x-axis and y-axis directions (see Figs 3.13).
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Figure 3.12: Simulated and measured peak gains of the antenna in free space and on the flat
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Figure 3.13: Illustration of the antenna bending setup on the cylindrical-shaped phantom in

simulation.
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Figure 3.14: Normalised simulated on-phantom radiation patterns at 2.45 and 5.8 GHz. (a) Flat vs. bent along the x-axis. (b)

Flat vs. bent along the y-axis.
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As can be seen in Figs 3.14(a) and (b), bending the antenna in either directions has a

very small effect to its off-body mode radiation. The maximum radiation of the antenna

is still maintained at its boresight direction. The insignificant change is also shown in the

on-body mode radiation of the antenna when it is bent along the y-axis direction. On the

other hand, it was found that bending the antenna along the x-axis affects the on-body

mode radiation of the antenna. Fig. 3.14(a) shows that the null position in the bending

axial (x-z) plane is shifted from the boresight direction, while the Eφ component in the

y-z plane increases. This phenomenon might be caused by the change in the position

of the shorting pin relative to the feeding point when the antenna is bent along the x-

axis direction, which leads to the change in the higher-order mode current paths. The

comparison of the antenna’s peak gains when it is placed flatly on the phantom with those

when it is bent around the phantom is shown in Fig. 3.15.
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Figure 3.15: Simulated peak gains of the antenna when placed on the flat phantom compared

to when bent around the cylindrical phantom.
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3.3.4 SAR

To ensure conformance to the international safety guidelines on human exposure to RF

fields, the SAR distribution of the proposed antenna was investigated numerically with

CST Microwave Studio 2016 and displayed in Figs 3.16(a) and (b). The antenna is placed

5 mm above the 200 mm × 200 mm × 50 mm simplified human muscle phantom which

uses the electrical properties obtained from the measurements. The SAR values were

calculated based on the IEEE C95.1-2005 standard averaged over 10 g of tissue with the

input power of 0.5 W. The simulations show that the maximum 10 g averaged SARs at

2.45 and 5.8 GHz are 0.377 and 0.225 W/kg, respectively, which are far below the safe

limit of 2 W/kg [70].

(a) (b)

z
y

z
y

Figure 3.16: Computed 10-g averaged SAR distribution of the antenna at (a) 2.45 GHz and (b)

5.8 GHz when operating 5 mm above a human muscle phantom with an input power of 0.5 W.
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3.4 Summary

In this chapter, a new dual-band dual-mode circular patch antenna suitable for off and

on-body communications has been demonstrated. As compared to the previously reported

dual-band dual-mode wearable antennas, the design is much simpler using only a single

circular patch fed by a simple probe feed. Instead of using two different radiators, the

off- and on-body modes are achieved by utilising the inherently generated TM11 and

TM02 modes of the circular patch. To tune the resonance of both modes to the desired

frequencies of 2.45 and 5.8 GHz, respectively, reactive loading techniques, i.e. a shorting

pin and arc-shaped slots, are used. Beside simplicity, this proposed approach allows a full

ground plane to be maintained on the opposite side of the patch, providing a high degree

of isolation from the lossy human body tissue. Furthermore, unlike the previous designs

that were made of conventional rigid materials, this antenna was fabricated using the

proposed PDMS-embedded conductive fabric, which provides the flexibility and physical

robustness required by wearable applications.

A range of experimental investigations of the antenna performance has been carried

out in free space and on semisolid human-muscle equivalent phantoms. A promising

antenna performance against the human-body loading effect and physical deformation is

observed, validating not only the proposed antenna design but also the applicability of the

proposed fabrication approach. When placed on the flat phantom, measured bandwidths

of 87 and 339 MHz in the 2.45 and 5.8 GHz bands, respectively, are achieved with the

corresponding peak gains of 3.14 and 4.41 dBi, which are quite close to the performance

in free space. For an input power of 0.5 W, the SAR levels in the underlying tissues were

found to be less than 2 W/kg in both bands, implying conformance with international

safety guidelines.
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CHAPTER

4 UWB Wearable Antenna with

Full Ground Plane based on

PDMS-Embedded Conductive

Fabric

4.1 Introduction and State of the Art

UWB technology is recently emerging as an attractive solution for several short-range

wireless applications, including wireless body-centric networks. Indeed, UWB communi-

cations exhibit major advantages as compared to conventional (narrow-band) technolo-

gies, including low-power implementations, high-data-rate transmission capabilities, and

robustness against multi-path [71]. Along these lines, several research efforts have focused

on developing flexible and planar UWB antennas for wearable applications [30, 72–82].

Flexible materials used for the aforementioned purpose include textiles, liquid metal, pa-

per, copper foil, conductive threads, and polymers.

A common characteristic of most of the previously reported flexible planar UWB

antennas is the lack of a full ground plane on the back of the radiator. Instead, par-

63
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tial/modified ground planes or coplanar waveguide topologies are generally preferred (see

Figs 4.1(a)–(d)), as they allow for easy bandwidth enhancement . However, such designs

are highly undesirable for wearable applications mainly for the following reasons. Firstly,

the lack of a full-ground plane implies that the high-permittivity and lossy biological

tissues will significantly load the antenna, affecting, in turn, its performance. Secondly,

those antenna designs are associated with back radiation (i.e., radiation in their lower

hemisphere), which, in turn, unavoidably increases the SAR inside the human body. To

mitigate the aforementioned problems, complex UWB antenna designs equipped with a

full ground plane have recently been reported [79,80]. Although flexible, these prototypes

were textile-based, and thus highly sensitive to wetness, heat, and extreme deformations.

Consequently, they are unsuitable for harsh operating conditions, such as those encoun-

tered in wearable applications.

In this chapter, a new planar UWB antenna design with suppressed backside radia-

tion, suitable for wearable applications in the 3.7 to 10.3 GHz band, is presented. Notably,

the antenna is fabricated via PDMS-embedded conductive-fabric technology, which en-

ables conformality, flexibility, easy realisation, robustness, water resistance, thermal and

chemical stability. Thus, this design becomes the first-ever flexible and physically robust

body-worn UWB antenna with a full ground plane.

The rest of the chapter is organised as follows. Section 4.2 presents the UWB antenna

design. Section 4.3 discusses the simulated versus measured antenna performance, which

includes an analysis of the antenna performance with respect to human-body proximity

as well as structural deformations using the fabricated UWB phantoms. In addition to

the antenna SAR analysis, its time-domain performance is also discussed in Section 4.3.

Finally, a summary of the work is drawn in Section 4.4.
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Figure 4.1: Some examples of previously reported flexible planar UWB antennas. (a) [30]. (b)

[75]. (c) [76]. (d) [77]. (e) [78].
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4.2 UWB Antenna Topology and Prototype

As seen in Fig. 4.2, the proposed antenna design is based on a simple microstrip patch

technology. Two modified arc-shaped patches operating as the main radiator are placed

on top of a PDMS substrate. On the opposite side of the substrate, a full ground plane

is preserved. For the same reasons described during the dual-band dual-mode antenna

fabrication in Chapter 3, CF I was utilised for realisation of the patch layer, while CF III

was used for the ground layer. The entire structure is further encapsulated into PDMS.

As is well known, a conventional thin patch antenna with a full ground plane is in-

herently narrowband. Thus, to achieve an ultra-wide bandwidth, several bandwidth en-

hancement techniques, including the use of multiple resonators and slots [83], were applied.

Specifically, as seen in Fig. 4.2, two arc-shaped patches, operating in the higher and lower

bands of the desired Federal Communications Commission (FCC) UWB range, were em-

ployed. Each patch was fed by two small transmission lines connected to a coaxial probe

on the opposite side of the substrate. To further improve the matching at lower frequen-

x
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ht hbhs

Side viewTop view

SMA
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Top viewTop view
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lgls
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y

Figure 4.2: Detailed geometry of the proposed UWB antenna.
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cies, two identical T-shaped slots having a length of approximately less than a quarter of

the effective wavelength at the lowest target operation frequency (3.1 GHz) were added.

An optimisation process was further pursued in CST Microwave Studio 2016 to get the

final antenna dimensions listed in Table 4.1.

The effects of some critical parameters to the UWB behaviour of the antenna, includ-

ing the size of both arc-shaped patches, the position of the T-shaped slots, and the length

of feeding lines are shown in Figs 4.3(a)–(c) and 4.4(a)–(c), which were obtained through

simulations by maintaining all other parameters constant. As can be seen, changes of

dimensions in the big arc-shaped patch including the two T-shaped slots (e.g. ra1, αa1,

Table 4.1: Dimensions of the Proposed UWB Antenna

Parameter Dimension

αa1 134◦

αa2 164◦

ra1 35.1 mm

ra2 18.4 mm

ra3 10.2 mm

ra4 19.2 mm

tl1 18.3 mm

tl2 10.2 mm

wtl 2.4 mm

αs1 4◦

αs2 38◦

Parameter Dimension (mm)

βs 38◦

ps 11 mm

ts 2 mm

wg 74 mm

lg 61 mm

ws 80 mm

ls 67 mm

ht 0.2 mm

hs 3 mm

hb 0.2 mm

xr 5 mm
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Figure 4.3: Simulated VSWR with varying (a) radius of big arc-shaped patch (ra1), (b) radius

of small arc-shaped patch (ra4), and (c) position of T-shaped slot (βs).
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and βs) affect the impedance matching in the lower bands, whereas changing the dimen-

sions of the small arc-shaped patch (e.g. ra4) affects the impedance matching in higher

bands. On the other hand, tuning the lengths of the microstrip feeding lines (tl1 and tl2)

was found to be critical to the antenna impedance matching in the middle bands.

Antenna prototyping was performed through the bottom-top multilayer fabrication

process described in Section 2.2.2. To ensure fabrication accuracy, three rectangular ring-

shaped moulds were used, whose thickness and dimensions matched those of the optimised

antenna design. Laser cutting was used for patterning of the radiating patch, to obtain

an accurate dimension of the patch layer. For ease of measurements (particularly in the

case of on-phantom testing), a small 90◦ bent SMA connector was utilised at the antenna

feeding point. Fig. 4.5 shows the fabricated UWB antenna prototype.

Top view Bent view

Figure 4.5: Photographs of the fabricated UWB antenna.
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4.3 UWB Antenna Performance

The performance of the antenna was studied in free space and near-body environments.

The latter was done by using both the UWB semisolid phantoms prepared in Section

2.3.1, where the antenna was placed 5 mm above each phantom using a small block foam.

4.3.1 Voltage Standing Wave Ratio (VSWR)

The measured free-space and on-phantom VSWR results, obtained through the mea-

surements with the Agilent PNA-X N5242A network analyser, are compared with the

simulated results in Fig. 4.6(a). Remarkably, the VSWR performance is almost identical

in free space and when the antenna is placed upon the flat phantom, which signifies that

the presence of the full ground plane isolates the antenna from the lossy tissue. As such,

good impedance matching can be maintained by the antenna when placed upon the hu-

man body. Slight discrepancies, however, are observed in the measured results, which are

most likely due to fabrication errors such as SMA connector positioning and burnt fabric

edges following the laser cutting (see Fig. 4.7). The latter resulted in minor dimension

changes in some parts of the antenna, which affect the antenna input impedance, as was

observed during the antenna optimisations.

The effect of antenna deformation upon the VSWR was also investigated. To do

this, the antenna prototype was bent around the head and wrist of the human-shaped

phantom shown in Figs 4.8(b) and (c) (across both the x-axis and the y-axis). The VSWR

performance for the bent antenna setups as compared to the unbent antenna placed

upon the flat phantom is shown in Fig. 4.6(b). As seen, a stable VSWR is maintained,

verifying the robustness of the proposed antenna against physical deformation. Even more

importantly, the antenna returned to its original shape after bending, and the conductive

fabrics remained intact inside the PDMS encapsulation. The latter is attributed to the

PDMS-PDMS bonding formed through the pores of the fabric.
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Figure 4.6: (a) Simulated and measured VSWR of the unbent antenna in free space and when

placed on the flat UWB phantom. (b) Measured VSWR of the antenna when bent on the head

and wrist of the human-shaped UWB phantom.
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Figure 4.7: Photograph of the fabric patch layer obtained through laser cutting.
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Figure 4.8: On-phantom VSWR measurement setup. (a) The antenna wrapped on the head of

the human-shaped phantom. (b) The antenna wrapped around the wrist of the human-shaped

phantom.
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4.3.2 Far-Field Characteristics

The antenna far-field performance was measured in the NSI700S-50 spherical near-field

antenna range at the AusAMF, Marsfield, and the results are shown in Fig. 4.9. Two

scenarios were considered, viz. antenna in free space (Fig. 4.9(a)), and antenna placed

upon the flat phantom (Fig. 4.9(b)). In general, a good agreement is achieved between

measured and simulated results. As expected, due to the full ground plane, the antenna

radiates mainly towards its boresight direction. In turn, this minimises antenna-body

coupling and energy dissipation inside the body.

Notably, this mode of directional radiation is maintained even at higher frequencies.

When the antenna is placed upon the flat phantom, the patterns are similar to those

in free space. Expectedly, even lower back radiation is observed as attributed to the

reflection from the phantom. Fig. 4.10 shows the measured peak gains and efficiencies of

the antenna, which are again in good agreement with the corresponding simulated results.

From the measurements, the total radiation efficiencies of the antenna are slightly reduced

when mounted on the phantom, but thanks to the full ground plane, the difference is

less than 5.7% as compared to the free-space scenario. It is also worth noting that the

peak gains, particularly at higher frequencies (i.e. above 6.2 GHz), increase when the

antenna is in close proximity to the phantom. This is attributed to reflections from the

phantom [79,84].
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Figure 4.9: Normalised radiation patterns of the antenna at 5, 7, and 9 GHz. (a) In free space. (b) On the flat phantom.
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Figure 4.10: Simulated and measured peak gains and total efficiencies of the antenna when in

free space and on the flat phantom

The radiation performance of the antenna under deformation was also investigated

numerically. In simulation, the antenna was bent around a cylindrical-shaped human-

muscle equivalent phantom having a radius of 30 mm and a height of 200 mm. Considering

the stable VSWR shown in Fig. 4.6(b), only the bending scenario across the y-axis, was

investigated. A 5 mm gap was maintained between the antenna and phantom. As can

be seen in Figs 4.11(a) and (b), the simulated radiation patterns of the antenna are

quite similar to those when the antenna was placed unbent above the flat phantom. The

same thing is also observed in the antenna’s peak gains and total efficiencies as shown in

Fig. 4.12, which validates further the robustness of the proposed design against physical

deformation.
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Figure 4.11: Normalised simulated radiation patterns of the antenna at 5, 7, and 9 GHz. (a) On the flat phantom. (b) Bent around

the cylindrical phantom.
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Figure 4.12: Simulated peak gains and total efficiencies of the antenna when placed on the flat

phantom and bent around the cylindrical phantom

4.3.3 SAR

The impact of the antenna to the underlying human body tissues was investigated in CST

Microwave Studio 2016. Two scenarios were considered. First, the antenna was placed 5

mm above the same human-muscle phantom used in the previous chapter. Second, the

antenna was simulated 5 mm above the cylindrical phantom used in previous section. The

SAR distributions were calculated based on the IEEE C95.1-2005 standard averaged over

10 g of tissue, assuming an input power of 0.5 W. Thanks to the isolation provided by

the ground plane, the peak SAR results of the first case at 5, 7, and 9 GHz were found

to be equal to 0.147, 0.174, and 0.09 W/kg, respectively, whereas in the second case the

results were equal to 0.124, 0.259, and 0.117 W/kg, respectively (see Figs 4.13(a) and (b)).

The results conform to the SAR requirement of lower than 2 W/kg [70], which further

highlights the superiority of the proposed antenna for on-body applications.
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4.3.4 Time-Domain Performance
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Figure 4.14: Simulation setup for time-domain analysis. (a) Free-space case. (b) On-phantom

case.

Lastly, the capability of the proposed UWB antenna for a pulse-based transmission was

evaluated through a system fidelity analysis in both free-space and on-body environments

[85, 86]. To do this, two identical UWB antennas, transmitter (Tx) and receiver (Rx),

were aligned in CST Microwave Studio 2016 across 1 m distance as illustrated in Figs

4.14(a) and (b), and the simulated |S21| parameter of this system was obtained. For the

on-body case, the same human-muscle phantom used in the SAR analysis, yet with a

smaller dimension (110 mm × 110 mm × 50 mm) for reduced computational cost, was

employed at 5 mm behind each antenna. Considering this setup as a linear time-invariant

system [85], the spectrum of the received pulse was obtained by multiplying the spectrum

of the input pulse with the transfer function of this system (|S21|). An inverse Fourier
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transform was then applied to generate the time domain signal of the received pulse.

Three sine-modulated Gaussian pulses shown in Fig. 4.15(a) were considered to excite

the Tx antenna, and were different in terms of centre frequency and bandwidth (see Fig.

4.15(b)). Figs 4.16(a) and (b) show the received pulses compared with the corresponding

transmitted pulses, obtained through the post-processing explained above, in the case

when the Tx and Rx antennas are aligned face-to-face (φ = θ = 0◦) in free space and with

the flat phantom. To quantify the antenna’s ability to preserve the pulse shape, the SFF

was calculated for both cases through a cross correlation between the normalised input

and received pulses [86]. Due to the normalisation of the pulses, the SFF value ranges

between 0 and 1, with the value of 1 indicating that the received pulse is identical to the

input pulse or no dispersion occurred during transmission.

The SFF results are presented in Table 4.2. In general, it can be noticed that the

human body has a small effect on the fidelity of the received pulses. However, the SFF does

decrease as the bandwidth of the pulse increases, which might be due to the existence of

more of the spectra of the pulse falling into the lower radiation region of the antenna [87],

i.e. 6.2 GHz and above 8.5 GHz. Nevertheless, the values are still higher than the

commonly accepted SFF for UWB signal transmission (SFF > 0.5) [86].

The system fidelity patterns of the antenna when pulse 1 was used as the excitation

signal were also obtained. This was performed by rotating the position of the receiver

antenna every 15◦ in both horizontal (y-z) and vertical (x-z) planes, while maintaining

the transmitter antenna stationary. Only the patterns for the upper hemisphere of the

antenna were observed considering the radiation mechanism of the antenna. The results

are given in Figs 4.17(a) and (b) for the free-space and on-phantom cases. On the flat

phantom, the average SFF values were 0.88 and 0.86 in the horizontal and vertical planes,

respectively. These are very close to the free-space case in the horizontal plane (0.88) and

vertical plane (0.91).
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Table 4.2: System Fidelity Factor of the Antenna at φ = θ = 0◦ with Three Different Pulses

SFF
Signal

Free space On flat phantom

Pulse 1 0.88 0.88

Pulse 2 0.77 0.79

Pulse 3 0.72 0.68
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Figure 4.17: System fidelity patterns of the proposed UWB antenna in free space (solid lines)

and on the flat phantom (dashed lines), at the (a) horizontal (y-z) plane and (b) vertical (x-z)

plane.
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4.4 Summary

A new flexible planar UWB antenna with a full ground plane has been presented. As

opposed to previously reported flexible UWB antennas, the proposed UWB design: a)

maintains a full ground plane which delivers the necessary isolation between the antenna

and the human body when worn, and b) exhibits extreme physical robustness attributed

to the employed PDMS-embedded conductive fabric fabrication technology. On-body

measurements upon a phantom show that the antenna achieves a bandwidth of more

than 6 GHz (from 3.68 to 10.1 GHz) with VSWR less than 2.2, an average peak gain of

4.53 dBi, and an average total efficiency of 27%, which are quite close to the performance

in free space. For an input power of 0.5 W, the SAR levels in the underlying tissues were

found to be less than 2 W/kg, implying conformance with international safety guidelines.

Time-domain performance investigations also demonstrated that the proposed antenna

is suitable for UWB pulse transmission. The results shown in this chapter specifically

validate the applicability of the proposed PDMS-embedded conductive fabric for UWB

and high-frequency applications.
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CHAPTER

5 Realising Robust Flexible

Electronically Tunable

Antennas using

PDMS-Embedded Conductive

Fabric

5.1 Introduction and State of the Art

There is a demand for wearable antennas that are not only flexible but electronically

tunable. Reconfigurability is of interest in this area as it enhances the functionality of the

antenna in modern wireless communication systems. In the last decade, there have been

significant advances in rigid reconfigurable antennas made out of conventional substrates,

and they have demonstrated reconfigurability of operating frequency, radiation pattern,

and polarisation electronically [88–94]. However, the progress has been relatively slow

when it comes to the realisation of electronic reconfigurability in flexible antennas.

Some investigations on flexible antennas that are electronically tunable can be found

in [8,42,81,95–98]. Among them are pattern-reconfigurable patch antennas realised with

87
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conductive fabric adhered to a felt substrate [95,98], and silver paste on polyester-cotton or

100% cotton fabric [8,97]. Fabric-based frequency-reconfigurable patch antennas, reported

in [81, 96], utilise denim as the substrate with copper tape and embroidered layers as

the conductive parts. An inkjet-printed slot antenna with frequency and polarisation

reconfigurability has been reported recently in [42]. The general approach is the utilisation

of unconventional materials to meet the flexibility requirement and the addition of lumped

components, required for electronic tuning and a biasing network, on top of the flexible

materials to obtain the desired reconfigurability (see Figs 5.1(a)–(d)).

One of the primary challenges involved is the robust integration of the lumped com-

ponents to flexible materials to maintain the reconfigurability. Such exposed lumped

elements on top of the flexible material are at a high risk of being detached due to re-

peated physical deformations, which are possible in a realistic human-body environment

(e.g. bending, stretching, and twisting), and also when washing. This problem also ap-

plies to the integration of the conductive parts of the antenna and the substrates used,

and hence presents a significant challenge in achieving a physical robustness of flexible

reconfigurable antennas.

In this chapter, the application of PDMS-embedded conductive-fabric technology is

expanded to cover the realisation of robust, flexible, electronically tunable wearable an-

tennas, addressing the aforementioned challenges. The details of the implementation

scenario are described in Section 5.2. As concept demonstrations, two new frequency-

reconfigurable antenna prototypes have been fabricated and tested; their designs are also

presented in this section. In Section 5.3, the RF performance of the fabricated prototype

in both free space and on the flat UWB phantom is presented. It is followed by Section

5.4, where a range of mechanical tests to validate the physical robustness provided by the

proposed approach is given. They include bending on the human-shaped UWB phantom

and machine-washing tests. Finally, a summary is given in Section 5.5.
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Figure 5.1: Some examples of previously reported flexible electronically tunable antennas. (a)

[8, 97]. (b) [42]. (c) [95]. (d) [96].
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5.2 Realisation of Flexible Electronically Tunable An-

tennas

The development of electronically tunable versions of PDMS-embedded conductive-fabric

based antennas is done by adding the electronic tuning components on the body of the

antenna before applying the PDMS encapsulation. With the multilayer fabrication ap-

proach as described in Section 2.2.2, this process can be done easily. The attachment of

lumped tuning components to such materials as conductive fabric and PDMS can also be

done through a very simple process.

5.2.1 Antenna Configuration

To clearly demonstrate the concept, the antenna illustrated in Fig. 5.2(a), referred to

as RFPA 1, was designed initially. An inset-fed rectangular patch antenna with a full

ground plane has been selected as the main radiator, considering its advantages of low

profile, simplicity, and broadside radiation pattern. The full ground plane is maintained to

significantly reduce the coupling to the human body. The rectangular patch was designed

to operate in its fundamental mode on top of a PDMS substrate. A thick substrate was

used to achieve a modest bandwidth while maintaining the simplicity of the radiator.

Other bandwidth-enhancement techniques might be applied but are beyond the scope of

this work. To achieve continuous frequency reconfigurability, a U-shaped parasitic patch

was introduced around the rectangular patch, and the gap between them was bridged using

two GaAs hyperabrupt varactor diodes (MGV 125-20-0805-2) from Aeroflex Metelics. To

encapsulate the antenna, additional PDMS layers are applied above the radiating patch

and below the ground plane, respectively. The thicknesses of these layers were determined

by the height of varactors and the availability of moulds when the antenna was designed.

Later, as an improvement of the first design, the antenna depicted in Fig. 5.2(b),
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referred to as RFPA 2, was developed. Different from the one in Fig. 5.2(a), a PDMS-

ceramic composite with 20% volume of SrTiO3 was employed as part of the substrate. This

SrTiO3 loading increases the relative permittivity of PDMS upto 6.36, yet with a marginal

change in the loss. As the result, a 52% miniaturisation of the total size of the antenna

is achieved, while maintaining its flexibility. The dimension of the composite substrate

was optimised to be as large as the area of the radiating patches, after considering the

miniaturisation factor and additional dielectric loss contributed by the ceramics. More

miniaturisation could be achieved by adding more ceramic powder, but at the expense of

further dielectric losses and lower fringing fields due to the high permittivity [99]. These

two together will degrade the efficiency of the antenna. Moreover, a larger amount of

ceramic loading affects the flexibility of PDMS and complicates its fabrication [55]. The

details on the preparation and characteristics of the composite substrate can be referred

to Section 2.2.1.

Apart from the inclusion of the PDMS-ceramic composite substrate, the improvement

in RFPA 2 includes the use of thinner substrate and encapsulation layers to reduce the

profile of the antenna. Moreover, the conductive parts of the antenna were realised using

different combinations of conductive fabrics, which leads to a better mechanical robust-

ness. Whilst in RFPA 1 all the conductive parts were realised with CF I, in RFPA 2 the

antenna patches were realised with CF I and the ground plane was realised with CF III.

CF I was chosen due to its higher conductivity among the other four conductive fabrics,

which is necessary for a higher antenna efficiency. On the other hand, considering its high

porosity and acceptable conductivity, CF III was chosen over CF IV for the ground plane.

Fabric with higher porosity is more beneficial for the PDMS-fabric adherence over such a

large surface as the ground.

Both antennas were designed and optimised using CST Microwave Studio 2016. The

final dimensions of both antennas are given in Table 5.1. In simulation each varactor
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Table 5.1: Detailed Dimensions of RFPA 1 and 2

Dimension (mm)
Parameter

RFPA 1 RFPA 2

ws 59.8 40.2

ls 59.8 42.6

wg 51.8 38.2

lg 55.9 41.6

hb 0.76 0.2

hs 3.18 2.5

ht 1.52 0.76

wu 37.8 32.2

lu 37.4 25.6

wp 21.8 18.2

Dimension (mm)
Parameter

RFPA 1 RFPA 2

lp 29.4 21.6

g 1 1

wv 8 4

wt 3 3

lt 20 17

ip 9 7

gb 0.5 0.5

wb 1 1

lb 10.5 9.5

Table 5.2: Reverse-Bias Voltage and Corresponding Varactor Junction Capacitance

Bias State V1 V2 V3 V4 V5 V6

Voltage (V) 0 2 4 6 10 20

Cj (pF) 1.1 0.72 0.46 0.34 0.187 0.097
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was modelled with a series RLC equivalent circuit, which consists of Rs of 1.6 Ω, diode

parasitic inductance (Lp) of 0.4 nH, parasitic capacitance (Cp) of 0.06 pF, and Cj as given

in Table 5.2 [88,100]. The MGV 125-20-0805-2 diode was particularly selected due to its

low Rs and adequate range of Cj for a corresponding reverse-bias voltage variation from

0 to 20 V.

The varactors are placed at the upper gap as shown in Figs 5.2(a) and (b), in line

with the current distribution on the patch, that flows predominantly in the y-direction

(see Fig. 5.3). Therefore, variation of the varactor reverse-bias voltage changes the

effective electrical length of the patch and hence the antenna resonance frequency. The

anodes of both varactors are connected to the parasitic patch, while the cathodes are

connected to the main patch. Both varactors are reverse biased by the same Direct

(a)

(b)

x

y

x

y

V1 V3 V6

V1 V3 V6

Figure 5.3: Current distribution of the antenna at its resonance frequency corresponding to

the given reverse-bias voltages. (a) RFPA 1. (b) RFPA 2.
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Current (DC) voltage, applied to the antenna input together with the RF signal through

the input connector. The parasitic patch is DC grounded by a thin conducting line, which

is isolated from the RF signal by an RF-choke chip inductor (47 nH) from Coilcraft.

The number of varactors in the antenna mainly affects the frequency tuning range

and the efficiency of the antenna. A fixed distance of wv has been maintained between

varactors. As shown in Figs 5.4(a) and (b), addition of more varactors decreases the

resonance frequency and increases the efficiency of the antenna. Giving consideration to

tuning range, efficiency, and cost, two varactors were selected for the prototype.

5.2.2 Fabrication

The realisation process, which in principle is similar to the steps described in Section

2.2.2, is illustrated in Fig. 5.5 and detailed below:

1. Get the solutions, varactors, and inductor ready. Cut the conductive fabric manu-

ally following the antenna dimensions given in Figs 5.2(a) and (b), and prepare the

moulds and base.

2. For both designs, attach the first mould to the base with a silicone sealant, pour the

PDMS solution into the mould, degas in a vacuum desiccator for approximately 30

minutes, and then cure in an oven at 65◦C for about 2 hours.

3. Attach the ground plane on top of the cured bottom encapsulation layer of both

designs with a thin uncured PDMS solution, repel the bubbles occurring between

them, and cure in an oven at 75◦C for 20 minutes.

4. For RFPA 1, repeat Step 2 with the second mould to make the middle PDMS layer.

On the other hand, for RFPA 2, position the third mould so that its aperture fits

the position of the radiator patches in the design. Then pour the composite solution

into the mould, degas in the vacuum desiccator for about 40 minutes and cure in an
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oven at 65◦C for 2 hours. Once cured, remove the third mould by cutting the edges

of the cured composite layer. After that, attach the second mould and repeat Step

2 to make the middle PDMS layer around the composite substrate.

5. Repeat Step 3 for the main patch, parasitic patch, and bias line of both RFPA 1

and 2. Once they attach firmly, connect the varactors and the inductor using silver

epoxy, then cure in an oven at 65◦C for 1 hour.

6. For both designs, repeat Step 2 with the fourth mould to make the top encapsula-

tion layer.

7. Peel carefully the prototypes from the mould. If necessary, trim the excess PDMS

layers from the edges of the antennas following the dimensions in Figs 5.2(a) and

(b)).

Customised ring-shaped moulds made out of commercial laminates from Taconic hav-

ing the thicknesses required by the designs were used to guarantee the accuracy of the

thickness of each layer. Specifically, for the third mould, the width and length of the

aperture were exactly made following the area of the radiator patches of RFPA 1. This

is to ensure that the size of the composite substrate fits the area of the radiating patches.

The top and bottom encapsulation layers were cut slightly at the edges of the trans-

mission lines and the bias lines. This is so that SMA connectors and a short copper wire

connecting the bias line to the ground plane can be attached by means of silver epoxy

for measurement purposes. To cure the epoxy, the antennas were left again in an oven

at 65◦C for another 1 hour. The photographs of the fabricated electronically tunable

antennas are shown in Figs 5.6(a) and (b).
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Figure 5.5: Schematic illustration of the fabrication process of the PDMS-embedded

conductive-fabric based reconfigurable antennas. The numbers represent the order of the process.
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Figure 5.6: Fabricated reconfigurable antenna prototypes. (a) RFPA 1. (b) RFPA 2.
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5.3 Performance of Fabricated Prototype

To validate the concept the RF performance of both prototypes was next characterised

in free space and in an on-body environment using both of the UWB semisolid phantoms

described in Section 3.3.1. A gap of 5 mm was maintained between the antennas and the

phantom using a small foam block (see Figs 5.7(a) and (b)). The conducted measurements

including the |S11| characterisation using the Agilent PNA-X N5242A network analyser,

calibrated using an electronic calibration module N4691B from Keysight, and far-field

characterisation in the NSI700S-50 spherical near-field antenna range at the AusAMF,

Marsfield. A DC power supply from Sorensen (XG 300-2.8) was utilised to supply the

reverse-bias voltage (0 to 20 V) to the antenna, which was applied together with the

RF signal into the antenna input port by using a bias tee. This approach eliminates

the need for a complex bias circuit, and hence maintains simplicity and avoids radiation

performance degradation caused by the cables associated with the bias network.

5.3.1 Input Matching

The comparison between the simulated and measured |S11| of RFPA 1 in free space and

on the flat phantom are shown in Figs 5.8(a) and (b), while for RFPA 2 they are shown

in Figs 5.9(a) and (b). As can be seen, the measured results are largely in accord with the

simulations. Slight variations in the resonance frequencies and input reflection coefficients

could be attributed to the antenna fabrication tolerances (during manual cutting of the

fabric and alignment of the parasitic patch), the uncertainties in the capacitance values of

the varactor, and the variations in the material properties of the antenna and fabricated

phantom. In free space, RFPA 1 demonstrates a resonance frequency tuning from 2.3

to 2.65 GHz with an average 10-dB return-loss bandwidth of 3.3%, whereas RFPA 2

demonstrates a resonance frequency tuning from 2.37 to 2.66 GHz with an average 10-



5.3. Performance of Fabricated Prototype 101

-20

-10

0
|S

1
1
| 

(d
B

)

-30

-40

-20

-10

0

|S
1

1
| 

(d
B

)

-40

-30

2.2 2.3 2.4 2.5 2.6 2.7 2.8
Frequency (GHz)

(a)

2.2 2.3 2.4 2.5 2.6 2.7 2.8
Frequency (GHz)

(b)

Sim. free space
Meas. free space

Sim. on flat phantom

Meas. on flat phantom

V1

V2

V3 V4 V5
V6

V1

V3
V6

V2

V4 V5

Figure 5.8: Simulated and measured |S11| of RFPA 1 with various reverse-bias voltages. (a) In

free space. (b) On the flat phantom.



102
Realising Robust Flexible Electronically Tunable Antennas using PDMS-Embedded

Conductive Fabric

-20

-10

0

|S
1

1
| 

(d
B

)

-30

-40

-20

-10

0

|S
1

1
| 

(d
B

)

-40

-30

2.2 2.3 2.4 2.5 2.6 2.7 2.8
Frequency (GHz)

(a)

2.2 2.3 2.4 2.5 2.6 2.7 2.8
Frequency (GHz)

(b)

Sim. free space
Meas. free space

Sim. on flat phantom

Meas. on flat phantom

V1

V2

V3

V4

V5
V6

V1

V2

V3

V4

V5

V6
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dB return-loss bandwidth of 3.7%, both validating the proposed continuous frequency

reconfigurability. When in close proximity to the flat phantom, the changes in the |S11| of

both antennas are generally insignificant (see Figs 5.8(b) and 5.9(b)), which suggests low

coupling to the body when the antennas are worn, due to the full ground plane. The tuning

range of the proposed antennas can be extended further if varactors with a wider variation

of Cj are used. Another alternative is to utilise a slot type antenna, which although

suffers from backside radiation, generally has a wider resonance tuning capability than a

microstrip patch antenna [101]. The enhancement of the antenna reconfiguration ratio,

however, is out of the scope of this work, which mainly focuses on applying the proposed

PDMS-embedded conductive fabric method for the realisation of flexible reconfigurable

antennas with robust performance.

5.3.2 Far-Field Characteristics

The measured far-field patterns of RFPA 1 in free space and with the flat phantom are

depicted in Fig. 5.10, and for RFPA 2 are given in Fig. 5.11, all compared with their

simulated results. All the patterns are shown at the free-space resonance frequency of

each state and are in good agreement. For brevity, only the results at States I and VI are

given. Due to the operation in the fundamental mode, both antennas produce broadside

radiation, which makes them suitable for off-body communications. The patterns are

quite stable over the entire tuning range, with cross-polarisation levels remaining below

-15 dB in both x-z and y-z planes.

Table 5.3 summarises the peak gains and total efficiencies of both antennas. A good

agreement is shown between the simulated and measured results in free space as well as

with the flat phantom. In general, the gains and efficiencies of RFPA 2 are lower than

those of RFPA 1 as the consequence of the conductive-fabric selection and the inclusion

of the PDMS-ceramic composite. When the antennas were placed near the flat phantom,
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the decrease in the gains and efficiencies were found to be more in RFPA 2 which is to

be expected due to the smaller ground plane compared to that of RFPA 1. Nevertheless,

in addition to the significantly smaller size, a better physical robustness can be expected

from RFPA 2, thanks to the right conductive-fabric combination.
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Figure 5.10: Normalised radiation patterns for RFPA 1 at states I and VI. (a) In free space.

(b) On the flat phantom.
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Figure 5.11: Normalised radiation patterns RFPA 2 at states I and VI. (a) In free space. (b)

On the flat phantom.
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Table 5.3: Summary of the Peak Gains and Total Efficiencies of the Fabricated Prototypes over the Entire Tuning Range (0 to

20 V Reverse-Bias Voltages)

RFPA 1 RFPA 2
Result

Gain (dBi) Tot. Eff. (%) Gain (dBi) Tot. Eff. (%)

Sim. free space 2.9 to 3.4 40 to 47 0.6 to 1.4 29 to 40

Meas. free space 2.9 to 3.3 40 to 46 0.4 to 1.3 28 to 39

Sim. on flat phantom 2.4 to 3 36 to 39 −1.0 to − 0.3 18 to 19

Meas. on flat phantom 2.3 to 2.9 34 to 38 −1.1 to − 0.3 16 to 19
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5.3.3 SAR

An investigation of the RF exposure of the antennas on the body was also conducted

experimentally using an APREL ALSAS-10U System at the City University of Hong

Kong. That is to ensure compliance to the safety guidelines on human exposure to radio-

frequency (RF) fields (IEEE C95.1-2005) [70]. The setup is illustrated in Fig. 5.12. The

antenna was placed 5 mm from the liquid-based phantom, made out of water, glycol, and

triton X-100, which emulates the dielectric properties of the human body at 2.45 GHz

(ǫr = 51.62 and σ = 1.91 S/m). Due to the limited selection of phantom liquids available,

the measurements were only conducted for the cases where both antennas resonated at

2.45 GHz. Those were when the DC bias voltages of 3.5 and 2 V were applied to RFPA 1

and 2, respectively. From the measurements with 20 dBm input power, maximum SAR

values of 0.053 and 0.151 W/kg (averaged over 10 g of tissue) were obtained from RFPA

1 and 2, respectively. The SAR of RFPA 2 was found to be higher than RFPA 1 as

the consequence of having smaller size of ground plane. Moreover, the ground plane of

RFPA 2 was realised with CF III which is less conductive than CF I used in RFPA 1.

These measured SAR values were confirmed with the results in Figs 5.13(a) and (b),

obtained by simulating each antenna 5 mm above a muscle-equivalent phantom having the

same dimensions with the container of the liquid-based phantom used in the measurement,

320 mm × 250 mm × 50 mm. The input power was set to 100 mW (20 dBm) and the

values of Cj were adjusted to 0.5 and 0.72 pF for RFPA 1 and 2, respectively, to get

the resonance of both antennas at 2.45 GHz. As can be observed, the simulated peak

SAR values (0.037 and 0.142 W/kg for RFPA 1 and 2, respectively) are quite close to

the measured results and both are well below the 2 W/kg limit [70], demonstrating the

antenna’s suitability for operation close to the body.
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Figure 5.12: SAR measurement setup with APREL ALSAS-10U system.
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Figure 5.13: Simulated 10-g averaged SAR distribution of the antenna at 2.45 GHz when

operating 5 mm above the human phantom with an input power of 100 mW. (a) RFPA 1. (b)

RFPA 2.
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5.4 Tests of Physical Robustness

5.4.1 Effect of Bending

To highlight the robustness of the proposed method for realisation of conformal reconfig-

urable antennas, the antenna on-body performance under different bending scenarios was

investigated experimentally. This was done by wrapping each antenna around the wrist

of the human-shaped phantom, representing an extreme scenario of deformation with a

bending radius of 28 mm. The bending was done sequentially in two ways, i.e., along the

E-plane and along the H-plane of the antenna, as shown in Fig. 5.14.

The measured |S11| results for each placement are compared in Figs 5.15(a) and (b).

For brevity, only the results for three different states are shown. As expected, due to the

significant alteration in the main current path of the antennas, the bending in their E-

Phantom’s

arm

To PNA

E-plane bending H-plane bending

To PNA

To DC
supply

To DC
supply

AUT

AUT

Figure 5.14: The antenna wrapped around the wrist of the UWB phantom in two different

bending configurations.
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Figure 5.15: Measured |S11| of the antenna with various reverse-bias voltages under bending

on the phantom’s wrist. (a) RFPA 1. (b) RFPA 2.
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plane has a major effect to the resonance frequency, whereas bending in the H-plane has

a negligible effect on the antennas’ input impedance and resonance frequency. Therefore,

it is normally suggested to avoid bending the antenna in its E-plane [68]. However, this

should not be a problem here, as the resonance frequency can always be returned to the

desired frequency by slightly changing the bias voltage.

Interestingly, it is noted that the trends of the frequency shifts in RFPA 1 and 2 under

bending are different. In RFPA 1, the resonances generally shift down in frequency, while

in RFPA 2, the shift is in the opposite direction. It is then concluded that the irreg-

ularity of the PDMS adhesive spread during fabrication, the strength of the conductive

fabric-PDMS integration, and the compressible nature of the PDMS layer might lead to

unpredictable behaviour when the antenna is deformed. In relation to the latter issue,

bending the antenna creates some zones with reduced substrate thickness and some zones

with increased substrate thickness. However, most importantly due to the flexibility of

the combined PDMS or PDMS composite and conductive fabric, the antennas can be bent

easily to a radius of less than 28 mm, and still return to their original shape. Moreover,

the reconfigurability of the antenna still functions well even under severe bending, thanks

to the PDMS encapsulation that firmly seals the electronic tuning components on the

conductive fabric. These results prove the robustness provided by the proposed method

against physical deformation.

5.4.2 Effect of Washing

The robustness provided by the proposed method was further verified through a washa-

bility test. Both the antennas were washed in a household washing machine together with

other laundry using detergent, bleach, and 40◦C water in one complete cycle for around

45 minutes (see Fig. 5.16). Each connector of the antennas was sealed with a plastic cap

and tape to minimise the water exposure and to protect it against turbulence inside the
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Antenna

Plastic cap
and tape

Figure 5.16: The antenna inside the washing machine.

machine. Once dry, the |S11| parameters of both antennas were re-measured.

The measured |S11| results of the antennas, before and after washing, are compared in

Figs 5.17(a) and (b). Note that the antenna has very well retained its frequency reconfig-

urability after washing, showing almost identical performance before and after washing.

The minor changes in the resonance frequencies and matching levels after washing are

likely caused by the SMA-to-antenna connection that was flexed slightly due to the tur-

bulence in the washing machine. These results validate the superiority of the proposed

method. The PDMS encapsulation keeps the conductive parts of the antenna as well as

the lumped tuning elements from being detached during washing and also protects them

from water or any other chemical exposure. Consequently, a well-preserved antenna effi-

ciency can be expected, since PDMS prevents the dissolution of the fabric’s conductive

materials [102].



114
Realising Robust Flexible Electronically Tunable Antennas using PDMS-Embedded

Conductive Fabric

-20

-10

0

|S
1

1
| 

(d
B

)

-30

-40

-20

-10

0

|S
1

1
| 

(d
B

)

-30

-40

2.2 2.3 2.4 2.5 2.6 2.7 2.8
Frequency (GHz)

(a)

2.2 2.3 2.4 2.5 2.6 2.7 2.8
Frequency (GHz)

(b)

Meas. free space before washing
Meas. free space after washing

Meas. free space before washing
Meas. free space after washing

V1

V3 V6

V2

V4 V5

V1

V3

V6

V2

V4

V5

Figure 5.17: Measured |S11| of the antennas with different reverse-bias voltages before and

after machine washing. (a) RFPA 1. (b) RFPA 2.
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5.5 Summary

It has been successfully demonstrated how the proposed PDMS-embedded conductive-

fabric technology can be used to realise a robust, flexible, frequency-reconfigurable and

wearable antenna. The measured results (in free space and on a UWB phantom) of

the two antennas fabricated with the proposed method are in good agreement with the

predicted results, thus validating the concept. Through several mechanical tests, it was

confirmed that a reconfigurable antenna fabricated using this method can endure physical

deformation and machine washing while preserving its reconfigurability. When measured

in close proximity to the phantom, RFPA 1 provides continuous frequency tuning from

2.3 to 2.65 GHz with an average peak gain of 2.6 dBi. On the other hand, its miniaturised

version, RFPA 2, provides continuous frequency tuning from 2.37 to 2.66 GHz with an

average peak gain of -0.7 dBi. These results verify the applicability of the proposed

approach for realisation of robust flexible electronically tunable antennas with various

types of reconfigurability, including pattern and polarisation reconfigurability, suitable

for modern wearable wireless systems.
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CHAPTER

6 Conclusions and Future Work

6.1 Summary and Findings

In this thesis, a new practical approach to achieve robustness with flexibility in wearable

antennas has been demonstrated. The proposed approach, namely PDMS-embedded con-

ductive fabric, combines the use of woven conductive fabric acting as the radiator and

the ground plane of the antenna, with PDMS polymer used as the antenna substrate and

encapsulation layer. Thorough investigations on the mechanical and electrical character-

istics of such combinations of materials have been conducted, the results of which provide

an insight into the mechanical robustness of this combination, the constraints associated

with the selection of fabric for various parts of the antenna, and the effective modelling

of the antenna. The results showed that, by embedding the conductive fabric inside the

PDMS, a strong integration between them can be achieved, due to the PDMS-PDMS

bonding created through the pores of the fabric. In relation to the porous nature of the

fabric, it was also shown that there is always a trade-off between the antenna’s mechanical

stability and total efficiency when selecting the conductive fabric. A higher-porosity con-

ductive fabric leads to a wearable antenna more resilient against harsh physical deforma-

tion. However, it suffers from a lower total efficiency due to the low effective conductivity.

The characterisation process also provides the material electrical properties required for

117
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accurate antenna modelling in simulators, which include the effective conductivity of the

conductive fabric after penetration of the PDMS.

Several new flexible wearable antennas were designed and fabricated using this ap-

proach as concept demonstrations. Among them are a dual-band dual-mode antenna,

an UWB antenna, and a frequency-reconfigurable patch antenna together with its minia-

turised version. All designs are equipped with a full ground plane, which makes them

highly desirable for wearable applications for two main reasons. Firstly, the use of a

full ground plane makes the antenna highly isolated from the high-permittivity and lossy

biological tissue, which allows for a robust performance even in close proximity to the

body. Secondly, those antenna designs are associated with low radiation in their lower

hemisphere, which in turn decreases the SAR inside the human body.

The dual-band dual-mode characteristic of the first design was achieved by utilising

the inherently generated TM11 and TM02 modes of a single circular patch, of which the

resonances were tuned to the target 2.4 and 5.8 GHz frequencies using a shorting pin

and arc-shaped slots. The main advantage is that only a single radiator and feed are

used to achieve the dual-band dual-mode characteristic. On the other hand, previously

reported designs generally combine two radiators, fed by single-/two-port systems, with

each radiator operating at a different frequency with different radiation mode, and hence

are more complex. Moreover, the previous antennas had a lack of the structural flexibility

required for wearable applications due to their realisation upon the rigid PCB technology.

The antenna proposed in this thesis produces a patch-like radiation (off-body mode) at

2.45 GHz, whereas at 5.8 GHz it produces a monopole-like radiation (on-body mode). In

close proximity to the phantom, the measured bandwidths at both modes are 87 and 339

MHz, respectively, with corresponding peak gains of 3.14 and 4.41 dBi, which all are close

to those in free space.

In the second design, an innovative patch topology has been successfully developed to
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achieve the UWB feature in an inherently narrowband microstrip antenna technology. The

design combines multiple resonators and slot-loading techniques to achieve the ultra-wide

bandwidth while maintaining a full ground plane on the opposite side of the radiator.

This has set the design apart from previously reported flexible planar UWB antennas,

which commonly have a partial/modified ground plane or coplanar waveguide topologies

for bandwidth enhancement purposes and hence are not suitable for wearable applications.

When measured upon the phantom, a bandwidth from 3.68 to 10.1 GHz was achieved

with a VSWR of less than 2.2, an average peak gain of 4.53 dBi, and an average total

efficiency of 27%, which are quite close to the performance in free space. The antenna also

demonstrates the capability for a pulse-based transmission, evaluated through a system

fidelity analysis in both free-space and on-body environments.

The highlight of the frequency-reconfigurable antennas (RFPA 1 and its miniaturised

version, RFPA 2) developed in this thesis is the robust integration of the lumped tuning

elements on top of the flexible materials, thanks to the complete encapsulation of PDMS.

RFPA 1 and 2 demonstrated a capability to retain their reconfigurability even in harsh

operating environments. To the best of the author’s knowledge, no other flexible elec-

tronically tunable antenna designs with this feature that have ever been reported. The

miniaturisation process of a PDMS-embedded conductive-fabric-based antenna through

the inclusion of a PDMS-ceramic composite substrate has also been successfully demon-

strated. With only 20% volume of ceramic powder (SrTiO3) loaded into PDMS, this

process results in RFPA 2 having 52% smaller dimensions than its counterpart RFPA 1.

More miniaturisation could be achieved through addition of more ceramic powder, but

at the expense of having more dielectric losses and lower fringing fields due to the high

permittivity. Moreover, a larger amount of ceramic loading affects the flexibility of the

PDMS and complicates its fabrication. From the measurements on the phantom, contin-

uous frequency tuning from 2.3 to 2.65 GHz with an average peak gain of 2.6 dBi was
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achieved by RFPA 1. On the other hand, a continuous frequency tuning from 2.37 to 2.66

GHz with an average peak gain of -0.7 dBi was achieved by RFPA 2.

The RF performance of each design was also studied by exposing the antennas to

various harsh environmental tests, such as repetitive severe bending, bending around the

fabricated human phantoms, and machine washing. The tests demonstrated that all the

antenna parts including the electronic tuning components remained intact and in working

order, thus maintaining the overall antenna performance including good reconfigurability.

All these results verify the applicability of the proposed PDMS-embedded conductive

fabric for realisation of robust flexible antennas or other RF electronic components for

wearable applications.

6.2 Future Work

This thesis work opens up number of possibilities for further exploration which may

include the following.

6.2.1 Flexible Metasurface-Enabled Wideband Circularly Polarised

Antenna

The human body is a dynamic operating environment. When worn, the orientation of a

wearable antenna is subject to change, which results in not only a resonance frequency

shift but also a polarisation mismatch loss if linear polarisation is used in the system.

Considering this, an antenna with a circular polarisation in a wide operating band will be

advantageous due to its independence of orientation. Some techniques such as providing

90◦ out-of-phase feedings at orthogonal edges or perturbing the patch at appropriate

locations with respect to the feed [103] are well known to successfully generate circular

polarisation in a patch-type antenna. However, those methods are only able to produce
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circular polarisation at a very limited bandwidth and such a feeding system will increase

the complexity of the design, which is not desirable in wearable applications.

It is therefore proposed as a future work to apply the technique of using a metasur-

face initially proposed in [104] and implement the design fully using PDMS-embedded

conductive fabric (see Fig. 6.1). The role of the metasurface is to transform the linearly

polarised E-field produced by the main patch radiator into a circularly polarised E-field.

With this technique, wideband circular polarisation can be achieved without having to

increase the complexity of the feeding system. Moreover, a full ground plane can still be

maintained for the required antenna-body isolation. The future work may involve study-

ing the sensitivity of the antenna’s 3-dB axial ratio bandwidth to fabrication errors and

physical deformation such as bending.

x

y

Ground
plane

Patch

MetasurfaceLinearly-polarised circular patchMetasurface

z

y

x

y

PDMS

Conductive fabric

Figure 6.1: Illustration of metasurface-enabled wideband circularly polarised antenna on

PDMS-embedded conductive fabric
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6.2.2 Flexible Semi-Transparent Antennas for Unobtrusive Wear-

able Applications

In recent times, there has also been a considerable advancement in ways of enhancing

the aesthetics of wireless wearable devices. One of them is by disguising the electronic

components, including antennas, making them unobtrusive. Deploying a thin, transparent

or semi-transparent, flexible antenna has been one of the most adapted solutions for this

purpose. This type of antenna will also find applications where the surface area is of

critical importance. There are two distinct methodologies which have been widely used

for realising transparent flexible antennas. The first is by using so-called conductive wire

grids which consist of nanoscale to mesoscale metal wires [105, 106] and the second is

by using transparent conducting oxide (TCO) electrodes [107]. Both function to create

the transparent conductive parts of the antenna, deposited on specific flexible substrates.

The major drawback of these methods is, however, their complex and costly fabrication

process.

To address this issue, it is proposed to apply the PDMS-embedded conductive-fabric

approach to realise a flexible semi-transparent antenna by using semi-transparent conduc-

tive fabric. An example of semi-transparent conductive fabric possible to use is shown in

Fig. 6.2. This work will include the characterisation of the semi-transparent conductive

fabric after embedding in PDMS, followed by development of various semi-transparent

wearable antenna designs.

6.2.3 Flexible Pattern Reconfigurable Antenna

With potential to avoid noise source, to save energy by directing the signals toward the

desired position, and to provide a large coverage by redirecting the main beam [108,109],

pattern-reconfigurable antennas are of interest in the area of wearable wireless communi-
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Figure 6.2: Veilshield from Less EMF Inc.: woven-mesh polyester fibre coated with nickel/zinc

blackened copper (thickness = 0.057 mm, sheet resistance = 0.1 Ω/sq).

cations. Therefore, as the next step, the work presented in Chapter 5 can be extended to

investigate the possibility of realising flexible electronically tunable antennas with pattern

reconfigurability. The focus of this work will be on the development of a new design that

is simple enough for wearable applications and to be realised with the proposed PDMS-

embedded conductive fabric. Experimental characterisations of the antenna performance

under physical deformation is also worth of doing.

6.2.4 Improving the Efficiency of PDMS-Embedded Conductive

Fabric based Antennas

It is also promising to investigate a way to decrease the loss of PDMS-embedded conduc-

tive fabric and hence enhances the efficiency of fabricated antennas. A direct consequence

of doing this is a broader range of application of PDMS-embedded conductive fabric. One

of them would be a possibility to apply the proposed method for realisation of antennas

operating in higher frequencies such as 5G band and beyond, where high efficiency is such

a crucial need.

One possible solution is by improving the effective conductivity of the conductive fab-

ric. This could be done through repetitive coating of the fabric with suitable conductive



124 Conclusions and Future Work

materials as shown in [25]. Another possibility would be through reducing the dielectric

loss of PDMS by mixing it with micro/nanoparticle powders such as alumina or polyte-

trafluoroethylene (PTFE) as demonstrated in [110, 111]. It would also be interesting to

investigate whether these methods affect the mechanical properties of both materials and

thus the mechanical robustness of the PDMS-embedded conductive fabric.

6.2.5 Feeding Connection for Testing of PDMS-Embedded Conductive-

Fabric Wearable Antennas

As shown in previous chapters, for measurement purposes, all antennas developed in this

thesis were fed by coaxial cable interfaced through an SMA connector. By means of silver

epoxy, the conductive pin of the SMA connector was connected to the microstrip feeding

line, whereas the outer conductor of the connector was connected to the ground plane of

the antenna. This technique unfortunately has shown some drawbacks. Firstly, unlike the

antenna, the SMA connector is obviously not flexible. This implies that its connection to

the antenna may potentially break under mechanical deformations. Secondly, to connect

the SMA to the feeding point, the PDMS encapsulation layers have to be cut slightly,

Bottom viewTop view

Uncovered part
Uncovered part

Silver epoxy
Silver epoxy

SMA connectorSMA connector

Figure 6.3: Feeding point on PDMS-embedded conductive-fabric patch antenna.
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for instance at the edges of the transmission line and ground plane of the antenna (see

Fig. 6.3). Consequently, those parts are no longer protected from exposure to harsh

environmental conditions.

In this thesis, some actions have been taken to prevent or mitigate the disadvantages

of this feeding approach, for instance by maintaining the feeding point straight while

bending the antennas or by covering the feeding points with plastic tape during the wash-

ing test. However, for a more realistic measurement setup, it is promising to explore in

the future novel techniques to exclude the use of rigid connector and to effectively con-

nect PDMS-embedded conductive-fabric based wearable antennas to the feeding system.

In the past, some solutions to the flexible antenna interconnection issue have been pro-

posed, which have the potential to be applied to the PDMS-embedded conductive-fabric

based antennas. Among them, there are the utilisation of commercial metallic snap-on

buttons [112, 113], combination of conductive hook and loop fastener [114], the concept

of complementary overlap (CO) connection [115], and the most recent one, the use of

broadside-couple microstrip line technique [116].
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